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Scope of the thesis 
In this thesis we study interaction potentials between colloidal particles and a wall and between 
colloids in bulk using direct methods, such as Total Internal Reflection Microscopy (TIRM), and 
indirect techniques, such as Static Light Scattering (SLS). The work was motivated by the observation 
that the physical properties of colloidal suspensions, e.g. solution structure and phase behaviour, differ 
from the bulk behaviour in the ultimate vicinity of an interface [1, 2]. The structural properties of bulk 
suspensions can often be quantitatively described, knowing the pair interaction potential between the 
colloids. We show this for example in chapter 5 of this thesis for the case of associating colloids. It is 
reasonable to conjecture that the interaction of the colloidal particles with an interface is one of the 
reasons for the deviating behaviour of suspension as compared to the bulk. Therefore it was the task of 
this work to study this type of interaction potential experimentally, with the long time goal to provide 
input information for the treatment of near wall properties with theoretical techniques and/or computer 
simulation. The focus of this work is on polymer-induced interactions in colloidal systems. We have 
directly studied bridging attraction and steric repulsion due to attached polymer layers as well as 
depletion attraction due to non-adsorbing polymer chains. A detailed discussion of various other types 
of forces and interactions such as, van der Waals attraction, electrostatic interactions, structural forces, 
capillary forces, etc. is beyond the scope of this work and these forces will be mentioned here only 
briefly. On the basis of the experimentally obtained interaction potentials information about the 
colloidal near wall properties, i.e. surface phase behaviour can be obtained and compared with 
microscopic observations. To perform the microscopic observations in a wide range of colloidal 
concentrations and to avoid multiple scattering we needed particles which are easy to index-match 
with the solvent that was water in all our studies. Moreover, to enable a precise image analysis these 
colloids needed to have core-shell morphology with a fluorescent core and a non-fluorescent shell. 
Therefore, we introduced a new type of colloidal particles: fluorinated fluorescent latex with core-shell 
morphology which has a refractive index close to that of water. In the future these particles will be 
used to study the colloidal phase behaviour at the surface in solutions of biological depletants such as 
fd-viruses. 
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This thesis begins with an introductory chapter (chapter 1) about polymer-induced forces which is 
intended to give the reader an overview of possible interactions in colloid-polymer mixtures. In this 
chapter we review some theoretical approaches and collect experimental data of polymer-induced 
forces, which were obtained using various techniques. Our main experimental technique, TIRM, is 
described in detail in chapter 2, where we also compare it with other techniques which enable direct 
measurements of interactions in colloidal systems. In chapters 3 and 4 we present directly measured 
interaction potentials between a colloidal sphere and a solid wall immersed in polymer solutions. Two 
different types of interactions were found depending on the nature of the polymer. Thus, in chapter 3 
we show that dextran (a biopolymer) does not adsorb onto the glass and particles’ surfaces and this 
leads to an attractive depletion interaction. The polymer size polydispersity is shown to significantly 
influence the depletion potential. On the other hand, polyethylene oxide was found (chapter 4) to 
adsorb onto the surfaces of the colloidal sphere and the glass wall, leading to a steric repulsion 
between adsorbed polymer layers. In chapter 5 we present an indirect method to study interactions in 
colloidal systems. Thus, aqueous solutions of m-oxyethylene-n-ether (CnEm) non-ionic surfactants 
have been studied by static light scattering. We propose semi-phenomenological expressions for the 
pair interaction potential in aqueous CmEn-solutions, which enable the quantitative description of the 
scattering behaviour and the phase diagrams for five different surfactant systems. In chapter 6 we 
present a new model system to study the colloidal phase behaviour at the surface: fluorinated 
fluorescent latex spheres, which have a low refractive index and are highly charged and are therefore, 
almost transparent and very stable in water. These qualities make the particles very useful in studies 
with biological materials. Moreover, the morphology of these colloids, consisting of a fluorescent core 
and a non-fluorescent shell, makes them especially suited for studies using confocal microscopy. In 
future these particles will be used to directly determine many-body interaction potentials using 
confocal scanning microscopy. A summary (also in German) will conclude this thesis. 
[1] Lang P 2004 J. Phys.: Condens. Matter 16 R699 
[2] Dijkstra M 2004 Phys. Rev. Lett. 93 108303 
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1. Direct measurements of polymer-induced forces 
1.1. Introduction 
It is impossible to imagine people’s everyday life without colloidal systems: they are, for instance, 
ubiquitous in paints, food products, cosmetics, medicines, and biological systems (red blood cells, a 
living cell, proteins, etc.). One of the key properties for the performance and the storage life of these 
products is their colloidal stability. This depends on the interactions that are present in the system and 
how they vary with physical and chemical conditions. There are two different levels at which these 
interactions can be understood [1]: the first is on a macroscopic level, i.e., collecting knowledge about 
stability and segregation by observation of macroscopic phenomena. The second one is on a 
microscopic level, i.e., obtaining the detailed interaction potential between two surfaces as a function 
of their separation distance by detailed physical experiments. For engineering purposes, the 
macroscopic level might be sufficient [2-4], whereas for the development of new materials the second, 
a more detailed, description is necessary [1]. Further, a large amount of theoretical work on colloidal 
forces and the resulting phase behaviour is based on the pair interaction potential [5]. This creates the 
need to determine interaction forces or potentials experimentally with sufficient accuracy. Historically, 
the only way to achieve this goal was to measure structure factors S(Q) of colloidal dispersions by 
scattering methods, and to calculate the pair correlation function g(r) by Fourier-transformation, which 
can be related to the pair interaction potential by means of statistical mechanics [6]. This method, 
however, is susceptible to misinterpretations, since it is, for instance, sensitive to the choice of the 
closure relation, which is used to calculate the interaction potential from g(r). It is, therefore, desirable 
to have more direct and model independent methods to measure the force or potential between the 
colloids. This is now possible using the surface force apparatus (SFA) [7], optical tweezers [8-11], 
atomic force microscopy (AFM) [12], and total internal reflection microscopy (TIRM) [13, 14]. In this 
chapter we review experimental findings obtained using these techniques. The progress reached in 
experimental work on polymer-induced interactions in colloidal systems will be a focus of this 
chapter. A detailed discussion of various other types of forces and interaction like, van der Waals 
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attraction, electrostatic interactions, structural forces, capillary forces etc. is beyond the scope of this 
work. 
It is known that the presence of a macroscopic surface changes the properties of polymer solutions. 
For instance, the segment density close to the surface differs from the bulk composition. In the case of 
adsorption there is an increase of the polymer segment concentration in the surface region. On the 
other hand, depletion is characterized by a reduction of the polymer concentration close to the surface 
as compared to the bulk. Whether adsorption or depletion occurs in a system is determined by a very 
subtle interplay between polymer segment/surface and solvent/surface attractions [15]. If the latter are 
dominating depletion will occur, while a high affinity of the polymer segments to the interface will 
favour adsorption. Depletion of polymers from the surfaces of colloidal particles in solution leads to an 
attractive potential between the particles and, consequently, to a destabilization of the suspension. On 
the other hand, adsorption of polymers onto colloidal particles may have either a stabilizing or a 
destabilizing effect. In good solvents (for the polymer) adsorption stabilization, also called steric 
stabilization, arises and can be attributed to osmotic interactions between segments of the polymers 
adsorbed onto opposing surfaces. Adsorption flocculation takes place a) due to bridging (if one 
polymer chain adsorbs onto two or more particles simultaneously) or b) in bad solvents. Thus, the 
question of polymer induced interactions present in colloidal systems is crucial for their stability. 
When possible to use, the techniques listed above enable the measurement of interaction potentials 
which, in many cases, provides insight into the colloidal stability. 
In the last 30 years colloidal interactions induced by ideal non-ionic monodisperse polymers were 
extensively studied using various theoretical methods. This model system enables a detailed 
theoretical analysis and serves as a starting point for other more complicated systems. However, in 
many experimental situations the polymers deviate from the assumptions of these theories because 
they are not ideal, polydisperse or often charged. Another complication can arise when it is not 
possible to use the Derjaguin approximation [7] to compute the interaction potential (this is true when 
the size of depletant is comparable or larger than the size of the colloids). All these effects can lead to 
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significant deviations from interactions predicted by the basic theories and are challenging for 
theoreticians. A limited amount of work performed on such systems is also discussed here. 
This introductory chapter is organized as follows. First, a brief overview of theoretical achievements 
is given on forces induced by depleted and attached polymers in section 1.2. In section 2.3 a survey of 
directly measured forces and potentials induced by depleted and attached polymers is given, non-
ideality of the polymers or colloids in polymer-induced colloidal interactions are discussed as well. 
The examples discussed in this section were chosen such that they nicely illustrate theoretical 
predictions. This overview is supplemented by an extensive list of experimental findings, which is 
given as a table in the appendix [16]. 
1.2. Polymer-induced forces; theoretical descriptions 
Polymer chains in solution have translational, rotational, and conformational degrees of freedom. 
The presence of the conformational degrees of freedom makes the polymer different from, for 
instance, colloids and plays an important role in determination of the polymer phase behaviour both in 
solution and at the surface [17]. In the vicinity of a macroscopic surface the polymer segment density 
differs from its bulk value. The segment density can be higher than in solution when polymers adsorb 
onto the surface, or lower if depletion takes place. Whether polymer chains adsorb onto the surface or 
not is determined by the competition of two factors. First, the fact that the solid surface is impenetrable 
for the polymer segments causes a reduction of the polymer conformational degrees of freedom at the 
surface. Then, the adsorption behaviour is determined by the effective surface/polymer segment 
interaction. This can be repulsive or attractive, depending on the solvent, the chemical nature of the 
polymer and the surface material [17]. All these factors lead to the fact that the adsorption behaviour 
(adsorption affinity) of a polymer chain is given by a competition between the attractive potential, 
which tries to bind the polymer segments to the surface, and the entropic repulsion, which tends to 
maximize entropy, and favours a ‘free’ state in bulk where a large amount of segments is located far 
away from the surface. 
1.2.A. Non-adsorbing polymers (depletion) 
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Depletion takes place in solution when the entropic factor dominates; e. g. polymer chains prefer a 
delocalized state in the bulk. In this case the adsorption affinity of the polymer segments to the surface 
is low or even repulsive and the gain in potential energy due to surface/polymer segments interactions 
is lower than the loss due to a reduction of the polymer conformational degrees of freedom at the 
surface. The reduction of polymer segment density leads to an attractive interaction between two 
surfaces, if they get close to each other. 
The mechanism that is responsible for this so-called depletion interaction can be understood by 
considering two parallel plates at a distance h immersed in a solution of non-adsorbing non-ionic 
polymers, as depicted in figure 1.1. There is a concentration gradient in the average equilibrium 
polymer-segment concentration profiles when going from the bulk (the maximum segment 
concentration) to the plate surface (where the concentration is zero). A common simplification to 
calculate the depletion potential is to replace the concentration profiles with a step function. One part 
of the step function now consists of a layer in which the polymer concentration equals zero, denoted as 
a depletion layer with a thickness δ, indicated by the dashed lines along the plate in figure 1.1. Outside 
this layer the polymer concentration equals the bulk polymer concentration. The concentration 
gradient due to the presence of the depletion layer results in an osmotic pressure gradient. For a single 
plate this osmotic pressure gradient is balanced. However, if the depletion layers overlap, the osmotic 
pressure, Π, becomes unbalanced leading to a net osmotic force that pushes the plates together. In the 
case of solutions no polymer-polymer interaction the depletion interaction equals the product of the 
overlap volume per unit area, A, / 2overlapV A hδ= − , (indicated by the hatched area in figure 1.1) and 
the osmotic pressure, Π. Thus, the depletion potential between two parallel plates per unit area can be 
written as: 
[ ],
                      for 0
( ) 2 -       for 0 2 .
0                       for 2
depl plates
h
h h h
h
φ δ δ
δ
∞ <⎧⎪= −Π ≤ ≤⎨⎪ >⎩
      (1.1) 
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Figure 1.1. Ideal picture of the depletion zones near two parallel plates in a solution of non-adsorbing 
polymer molecules. The depletion layers are presented by short dashes. For overlapping depletion 
layers, shown as hatched area, the osmotic pressure is unbalanced, leading to a net osmotic force, 
indicated by the arrows, that pushes the plates together. 
It is in general easier to derive the interaction potential between two flat plates than between two 
spheres. However, when the analytical form of the potential is known for plates, one can still compute 
the interaction potential between two spheres using the Derjaguin approximation [18] 
1 2
1 2
( ) 2 ( ') ',sphere sphere plate plate
h
a ah h dh
a a
φ π φ
∞
− −= + ∫       (1.2) 
if the sphere radii a1 and a2 are much larger than the range of the interaction [7]. This directly yields 
the potential between a sphere and a wall by setting one of the radii a in equation 1.2 as infinity. 
Ideal depletants. The first theory on depletion interaction was published in 1954 by Asakura and 
Oosawa [19]. In the same paper Asakura and Oosawa also calculated the depletion force between two 
plates immersed in a dilute solution of i) non-adsorbing uncharged monodisperse polymers, ii) rigid 
spherical macromolecules, iii) needles (thin rod-like macromolecules) and iiii) the force between two 
spherical bodies with radius a in a dilute solution of rigid spherical macromolecules with radius R. In 
all cases, if a >> R, the force is attractive and proportional to the osmotic pressure of the solution, Π, 
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(which for dilute solutions is given as p Bn k TΠ = ) and the force range is of the order of the typical 
dimension of the macromolecules, R. Depletion interaction between two big spheres in a dilute 
solution of rigid spherical macromolecules can be calculated for a >> R as [20] 
2
2
, ( ) 2 1        for 0 2 .2
0                                             for  2
depl sphere sphere p
B
hh n a R h R
Rk T
h R
φ π− ⎧ ⎛ ⎞− ⋅ ⋅ ⋅ − ≤ ≤⎪ ⎜ ⎟= ⎨ ⎝ ⎠⎪ >⎩
   (1.3) 
Here np is the number density of polymers. 
Simpler than the ideal polymer chain model is the approximation in which the polymers are treated 
as freely penetrable hard spheres (PHS) whose centres of mass can not approach any non-adsorbing 
surface closer than a distance of their radius, RPHS. PHS are spheres that are hard for a colloidal 
particle, but which can freely permeate through each other. In 1976 Vrij [21] applied this model to 
describe colloidal dispersions containing non-adsorbing polymer. If one geometrically calculates the 
overlap volume between two spheres, Voverlap, in a solution of PHS the depletion potential between 
them can be obtained in a simple analytical form as  
2
3
,
2 3( ) 1 2   for  0 2
.   3 2 2
0                                                                           for   2
depl sphere sphere p PHS PHS
PHS PHS PHS
B
PHS
h a hh n R h R
R R Rk T
h R
φ π−
⎧ ⎛ ⎞ ⎛ ⎞− ⋅ − + + ≤ ≤⎪ ⎜ ⎟ ⎜ ⎟= ⎨ ⎝ ⎠ ⎝ ⎠⎪ ≥⎩
(1.4) 
For the case RPHS << a, and h << a, equation 1.4 reduces to equation 1.3. Classically, in equation 1.4 
the radius of gyration of polymer, Rg, was taken for the radius of the PHS, RPHS, as was also done by 
Vrij [21]. However, it should be the depletion thickness δ. To determine δ one has to compute the 
segment density profile of ideal chains near a single wall, that was done by Eisenriegler [22]. The 
integration of this profile provides δ [23]: 
2
,g
Rδ π=            (1.6) 
which is close to the radius of gyration of the polymer, Rg. 
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The PHS approximation is a very good model for ideal chains to describe the interactions between 
flat walls and for large spheres. Significant deviations appear for RPHS > a. The validity of the PHS 
model for polymers is extensively discussed in the review of Tuinier et al. [24]. 
Non-ideal depletion cases. Since polymer molecules are not spheres, but rather fluctuating objects, 
they will not be completely excluded from the region between flat walls or colloidal particles, as it is 
assumed within the PHS model. More precise descriptions take the statistical properties of polymers 
into account enabling a more accurate prediction of the concentration of the polymer segments in the 
depletion zone [25-30]. Furthermore, in many classical descriptions polymers were assumed to be 
ideal [19, 21]. In reality, polymer chains interact due to excluded volumes of their segments, which 
can be (partly) compensated due to possible attraction between segments mediated by the solvent 
quality. Mean-field (MF) and scaling theories enable including excluded volume interactions and the 
statistical properties of the polymer molecules. 
Charged polymers. In many polymer-colloid mixtures, especially in aqueous solutions, charges are 
present either on the polymer chains or on the particles or on both of them. In their 1958 paper 
Asakura and Oosawa extended their depletion theories and treated the cases of interaction in solutions 
of charged macromolecules [20]. They showed that with the appearance of charges on polymers, both 
the range of the interaction and the absolute value of the potential energy increase. Expressions were 
given to estimate the force, fdepl,plates(h), and the potential energy φdepl,plates(h) between two neutral plates 
in a solution of charged macromolecules. 
Soft surfaces. The theories mentioned so far were restricted to the polymer-mediated interactions 
between hard surfaces. Experimentally, ‘soft’ surfaces are often used, e.g., when the particles are 
surrounded by a layer of grafted polymeric ‘hairs’. In this case, the definition of the depletion 
thickness is more complicated because some interpenetration and/or compression of the ‘hairs’ by the 
non-adsorbing polymer chains may occur [31]. This effect can lead to crucial deviations from the 
classical predictions of the depletion force (see part ‘Ideal depletants’ in this chapter). For instance, 
such a steric layer might counteract the depletion interaction, thereby increasing the concentration of 
free polymer needed to induce depletion flocculation [28]. 
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Polydisperse polymers. An essential issue that has not attracted much attention in theories and 
simulations is polydispersity. Because of the characteristic chemical kinetics of polymerization 
reaction, most synthetic and natural (except for several proteins and viruses) polymers have a finite 
width of their molar mass distribution. However, polymers are often treated as being monodisperse 
and incorporation of the size polydispersity of polymers has gained very limited attention in theories 
for (polymer-induced) depletion. So far, polydisperse polymers were mainly simplified as polydisperse 
spheres [32-38]. A first extension towards polydisperse ideal chains as depletants was made by Tuinier 
and Petukhov [39] for the depletion interaction between two plates. In this thesis (chapter 3) we 
presents the measurements of depletion interaction between a sphere and a wall in solution of 
polydisperse polysaccharide (dextran) and show that the approach of Tuinier and Petukhov can be 
successfully applied to describe the experimental data [40]. 
Depletion between non-spherical colloids. In 1958 Asakura and Oosawa considered the case of 
interaction in solutions of asymmetrical macromolecules, which they described as rigid ellipsoids [20]. 
They showed that an increase in dissymmetry of solute macromolecules causes an increase in both the 
range and the strength of the interaction potential. Exact expressions for the depletion interaction 
mediated by rod-like particles between two plates and two big spheres were derived in 1981 by 
Auvray [41] and later by Mao et al. [42, 43], also for the high concentration regime of rods. In their 
theory the length L of the rod-like particles with a diameter D is much smaller than the radius a of the 
colloidal spheres. To the lowest order in rod density the depletion potential is given by [43]: 
3
2
, ( ) 1   for 06
0                                  for 
depl sphere sphere R
B
hh n a L h L
Lk T
h L
πφ − ⎧ ⎛ ⎞− ⋅ ⋅ − ≤ ≤⎪ ⎜ ⎟= ⎨ ⎝ ⎠⎪ >⎩
    (1.6) 
where nR is the number density of the rods. 
The depletion interaction between ellipsoidal colloidal particles in a solution of long ideal polymers 
were analyzed by Eisenriegler [44]. Special attention was given to the limiting cases in which the 
ellipsoid reduces to a cylinder of infinite length and finite radius and a ‘needle’ of finite length and 
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vanishing radius. Exact quantitative results were obtained for the orientation-dependent depletion 
interaction between a short needle and a wall. 
1.2.B. Attached polymers 
Polymer layers at the surfaces can be created in three different ways: (i) due to physical adsorption; 
(ii) polymers can be chemically grafted to the surface and (iii) in the case of, for instance, diblock 
copolymers they can be anchored by an insoluble part [17]. A typical configuration of an adsorbed 
polymer at a surface is sketched in figure 1.2. ‘Trains’ are polymer parts which are bound to the 
substrate and are in direct contact with it. Between trains one finds chain sections that are not in direct 
contact with the surface denoted as ‘loops’ and the dangling ends of the chains are called ‘tails’. These 
terms were proposed by Jenkel and Rumbach [45]. 
 
Figure 1.2. Polymer chain adsorbed at the surface consisting of tails, loops and trains. 
If the polymers are grafted or anchored to the surface their chains can assume three different 
structures depending on grafting density, as it shown in figure 1.3. When the distance between isolated 
chains is larger than the order of the radius of gyration Rg, two limiting cases can be found depending 
on the adsorption affinity of the polymer segments: a) a mushroom in case of non-adsorbing segments 
and b) a pancake in case of adsorbing segments. In case of denser polymer layers the chains become 
stretched forming brushes (figure 1.3.c). These names were first proposed by de Gennes [46]. 
 12
 
Figure 1.3. Schematic picture of three limiting structures of grafted or anchored polymer chains. 
Theoretically, polymer adsorption and the interactions between polymer-covered surfaces are often 
examined using either scaling or MF theories or via computer simulations [7, 15, 47]. Polymer 
adsorption leads to either stabilization or flocculation, depending on a number of factors, such as: the 
amount of polymer attached to the surface, solvent quality and whether the polymer is chemically or 
physically attached to the surface. Adsorption stabilization, also called steric stabilization, arises in a 
good solvent and can be attributed to the osmotic interactions between the polymer segments on 
opposite surfaces. Adsorption flocculation occurs either due to bridging, when polymer chains adsorb 
on several surfaces simultaneously when there is not enough polymer to fully cover the surfaces, or 
due to bad solvent conditions for the adsorbed polymer layers. 
If polymer chains are end-grafted onto the surface with sufficiently high grafting density they act as 
very efficient stabilizers for colloidal particles in the good solvent regime. The interaction between 
two surfaces bearing grafted polymers is repulsive [48-50] as bridging does not take place between 
such surfaces. 
The interaction between particles with a radius a bearing polymer brushes with the brush height 
Hbrush can be described by the simple Alexander-de Gennes model for polymeric brushes [48, 49]: 
,
3 1
2 2 4
( )
                                                                                                 for 0
16 2 2028 – 1 1 –
35 11 2
brush sphere sphere
B
brush brush brush
brush
h
k T
h
aH H h
h H
φ
π σ
− =
∞ <
⎛ ⎞ ⎛⎛ ⎞⎜ ⎟= + ⎜⎜ ⎟⎜ ⎟⎝ ⎠ ⎝⎝ ⎠
11
4
12 – 1  for  0 2
2
0                                                                                                 for  2
brush
brush
brush
h h H
H
h H
⎧⎪ ⎡ ⎤⎛ ⎞⎪ ⎞ ⎛ ⎞⎪ ⎢ ⎥⎜ ⎟ + ≤ ≤⎨ ⎟ ⎜ ⎟⎢ ⎥⎜ ⎟⎠ ⎝ ⎠⎜ ⎟⎪ ⎢ ⎥⎝ ⎠⎣ ⎦⎪ >⎪⎩
 (1.7) 
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Here σbrush is the grafting density expressed as the number of brush chains per unit area. The 
Alexander-de Gennes approach derives from a scaling theory which assumes a step-like segment 
density profile with all chains ending at the edge of the brush. MC simulations and numerical MF 
calculations show that the brush height exhibit a more parabolic monomer density profile which goes 
to zero in a continuous manner at the outer perimeter [51]. Nevertheless, a more advance MF treatment 
[52] predicts a very similar force law to the Alexander-de Gennes equation (equation 1.7). 
Polydisperse brushes. Milner et al. [53] consider the effects of polydispersity in molar mass on the 
equilibrium statistics of the grafted polymer brushes. The density profile was found to be softened at 
its outer extremity by the addition of some longer polymer chains and made steeper near the grafting 
surface by the addition of shorter chains. So, the assumption of a block profile is even less accurate for 
polydisperse brushes. 
1.3. Polymer induced forces: experimental determination 
1.3.A. Depletion 
The magnitude of the depletion interaction at contact between colloidal spheres in a solution of ideal 
monodisperse polymer chains is *, - ( 0) / 3ln 2 ( / ) ( / )depl sphere sphere B p p gh k T n n a Rφ = = − ⋅ ⋅  [40]. The 
polymer overlap number density, *pn , is related to the radius of gyration Rg of the polymer as 
* 33/ 4p gn Rπ= . In a realistic situation for the direct interaction potential measurements the polymer 
concentration np = 0.1· *pn  and the ratio Rg/a of 0.03, corresponding to the polymer radius of gyration ~ 
30 nm and a sphere radius of ~ 1000 nm, the resulting small value of Δφdepl(h = 0) ~ 7 kBT illustrates 
why direct measurements of depletion interaction in polymer solution are experimentally challenging. 
Therefore, it is not surprising that depletion was first measured directly only fifteen years ago with 
SFA [54] and AFM [55]. However, these first measurements were performed either with charged 
micelles as depletants [54] or in concentrated polymer solutions [55] in order to increase the 
magnitude of the depletion interaction. 
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Luckham and Klein were one of the first who tried to measure the depletion interaction directly [56]. 
They applied SFA to study depletion forces between two mica cylinders due to non-ionic polystyrene 
(PS) chains in toluene at good solvent conditions, when adsorption of PS on mica was not favourable 
[57]. However, the depletion forces were too weak to be detected by SFA. As the authors conjectured, 
the calculated contact value (~ 4 nJm-2) was at least 2-3 orders of magnitude smaller than the inherent 
detection limit of the apparatus. Further, the same authors studied depletion interaction in an aqueous 
solution of poly(ethylene oxide) (PEO), a neutral polymer for which water is a good solvent [58]. 
Their mica surfaces were covered with adsorbed Triton X-100 chains so as to prevent adsorption of 
PEO. Again, no attractive force was detected. The authors explained this finding by suggesting, that 
PEO chains from the solution replace the surfactants molecules from the mica surfaces causing steric 
repulsion. 
A crossover from an attractive depletion interaction to repulsion due to adsorbed polymers was 
shown by Kuhl et al. [59-61] using SFA force measurements between lipid bilayers (consisting of 
dipalmitoyl phosphatidylethanolamine (DPPE) and dimyristoyl phosphoatidylcholine (DMPC)) 
adsorbed onto the mica cylinders in aqueous solutions of PEO (Mw = 1000 – 20000 g/mol). It was 
found that PEO with a molar mass lower than 6·103 g/mol does not have a large enough size to 
generate a significant depletion force, while high molecular mass PEO (Mw > 18000 g/mol) adsorbs 
sufficiently onto the bilayer surfaces to suppress depletion attraction quantitatively and to cause a 
repulsive steric barrier as shown in figure 1.4. Only in PEO solutions with Mw = 8000 g/mol an 
attractive depletion force was observed. Using scaling arguments [62] the authors estimated the 
depletion layer thickness to be δ = 14 Å, which was in good agreement with an experimental value of 
2δ = 25 ± 5 Å. Using this length scale and equation 1.1 the experimental results for depletion 
interaction in figure 1.4 were converted to a bulk osmotic pressure and compared to a value from the 
literature. The experimental value was found to match very well with the literature data for the bulk 
osmotic pressure. As one can see from figure 1.4, a very weak repulsion was measured with PEO 8000 
at separations larger than those where depletion attraction occurs. The authors attributed the origin of 
this repulsion to the presence of high molecular mass PEO chains in a polydisperse, commercial grade 
PEO 8000 sample. 
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Figure 1.4. Force profiles of DPPE/DMPC bilayers in water and aqueous PEO solutions obtained by 
Kuhl et al. [61]. The circles and dashed curves are the force profile in pure water, where the bilayers 
attract due to van der Waals forces. The arrows indicate when the SFA spring constant is exceeded by 
the gradient of the attractive force. The resulting mechanical instability causes the surfaces to jump 
together or apart. Thus, these parts of the force profile are inaccessible. Squares are the force profile in 
10%w solution of PEO 8000. In this case the attraction between the surfaces is significantly larger due 
to depletion attraction. Open diamonds are the force profile taken upon the approach in PEO 18000, 
while the filled diamonds were taken during separation. Due to the adsorbed PEO 18000 on the bilayer 
surface a strong steric repulsion was found. The hysteresis upon approach and separation of the 
surfaces was characteristic of adsorbed PEO layers in water [56, 63]. The lines are guides to the eye. 
Reprinted figure with permission from: Kuhl T. L., Berman A. D., Hiu S. W., Israelachvili J. N. 1998 
Macromolecules. Copyright 1998 by the American Chemical Society. 
Rudhardt et al. [64, 65] performed TIRM measurements on the interaction between a charged glass 
plate and a charged polystyrene (PS) sphere with radii 1.5 and 5 μm in the solutions of PEO with Mw = 
1⋅106 and 2⋅106 g/mol, measurements under similar conditions were performed by Ohshima et al. [66] 
 16
using laser radiation pressure. A strong attractive contribution to the interaction potential was found. 
The experimental potential profiles were analyzed using the Askura – Osawa model (equation 1.4), in 
which the polymers are approximated as phantom spheres. Non-linear least squares fitting yielded R = 
107 nm and 150 nm for the phantom sphere radii, the latter of which was in agreement with the value 
obtained by Ohshima et al. with a different experimental approach. However, these values were clearly 
larger than the radii of gyration of PEO, Rg = 67.7 nm and 101 nm, the authors reported. As we show 
in chapter 5 of this theses, different from the work by Rudhardt et al. and Ohshima et al., we did not 
observe any depletion interaction but rather steric repulsion in the same system [67]. This shows that 
the question whether PEO absorbs on surfaces (thereby causing steric repulsion) or whether it is 
depleted from interfaces (thereby causing attraction), is a delicate issue, depending on very subtle 
details of sample history and preparation (see also section 1.3.B. Forces induced by attached 
polymers). 
Non-ideal depletants (polymers, micelles, spheres, rods). As it was already predicted by Asakura 
and Oosawa in 1958 [20] charges on polymers increase the range and the absolute value of the 
depletion interaction. This is the reason why first successful direct measurements on depletion 
interaction were performed with charged depletants. SFA measurements by Richetti and Kekicheff 
[54, 68] of depletion attraction due to cetyltrimethylammonium bromide (CTAB) micelles at high 
volume fractions showed oscillatory force profiles, with the number of oscillations per separation 
distance and their magnitude increasing with the CTAB concentration. Similar measurements by Sober 
and Walz [69] using TIRM also demonstrated depletion attraction in the presence of CTAB micelles. 
However, their micelle concentration was much lower than in the experiments conducted by Richetti 
and Kekicheff and no oscillations in the force were detected. The reason for the oscillations in the 
interaction potential might be so-called structural forces, which may occur due to free energy changes 
upon packing of charged micelles in the confined space between approaching surfaces. Biggs et al. 
[70] used the oscillations in the depletion potential caused by the presence of polyelectrolyte sodium 
poly(styrene sulphate) (NaPSS) measured both by TIRM and AFM to calibrate the AFM data a 
posteriori. Later, Jönsson et al. [71] performed MC simulations and density functional calculations for 
charged macromolecules (polyelectrolytes, micelles, spheres) confined in planar slits. The force 
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between the walls had been evaluated as a function of separation, while keeping the chemical potential 
of the charged depletant constant. The authors found, in agreement with experiments [72], that highly 
charged spheres and flexible polyelectrolyte chains in confinement give rise to depletion and structural 
oscillatory forces as a function of surface separation. The net charge, the range of interaction, and the 
particle density affected the details of the force curve. For spherical depletants, the period of the 
oscillations was detected to scale approximately with their bulk concentration as cbulk-1/3. It was found 
that polyelectrolyte chains pack as cylindrical objects and not as spheres; therefore, the effective 
repulsive interaction between polyelectrolyte chains can be more long-ranged and oscillatory forces 
can appear more readily than for a corresponding solution of equally charged spherical macroions. 
Most synthetic and natural polymers do not consist of monodisperse chains but have a finite molar 
mass distribution. In chapter 3 of this thesis we present the study of the effect of polymer 
polydispersity on depletion interaction between a charged PS sphere and a charged glass wall induced 
by dextran, a non-adsorbing polydisperse polysaccharide. We found that the polymer size 
polydispersity was shown to greatly influence the depletion potential. Using the theory for the 
depletion interaction due to ideal polydisperse polymer chains we could accurately describe the 
experimental data with a single adjustable parameter. 
Experiments on depletion interactions in solution with polymer concentrations near and above the 
overlap concentration, where interactions between polymer segments become important, were 
performed by Verma et al. [73, 74]. Scanning optical tweezers were used to study the depletion 
potential between two silica spheres with a diameter of 1.25 μm in a solution of rather monodisperse 
DNA with an averaged radius of gyration of 500 nm. Their results are reproduced in figure 1.5. Thus, 
the authors found that the order of magnitude of measured attraction can be compared reasonably well 
to the results from the PHS theory but the range of attraction was overestimated by this theory. For 
polymer concentrations above the overlap concentration one should take into account the non-ideality 
of the polymer solution. Tuinier et al. [75] took into account the excluded volume interactions between 
polymer segments (full curves presented in figure 1.5) which gave a much better agreement with the 
experimental data. 
 18
0.0 0.2 0.4 0.6 0.8 1.0
-4
-3
-2
-1
0
φ(h
)/ 
k B
T
h/Rg
           n/n*
 1.46 
 1.98 
 2.92
 
Figure 1.5. Interaction potentials between SiO2 spheres mediated by DNA segments, data by Verma et 
al. [73, 74]. Measured interaction potentials are represented by the symbols. The results of the theory, 
which takes into account the excluded volume interactions between polymer segments [75], are given 
by the full curves. Polymer concentrations are indicated in the legend. 
Lin et al. [76] studied the depletion interactions of colloidal spheres in suspensions of rod-like fd-
viruses (L = 880 nm)using line-scanned optical tweezers. The influence of sphere size, rod 
concentration, and ionic strength on these interactions was investigated. The results were compared 
with different models: i) the numerical model of Yaman, Jeppesen and Marques (the YJM model), 
which applies to any size ratios a/L [77]; ii) the model derived by Mao et al. [42, 43] valid in the 
Derjaguin approximation (equation 1.6), to which the authors refer to as the Derjaguin model; iii) the 
Asakura-Oosawa (AO) model for the depletion due to rigid spherical macromolecules (equation 1.3). 
The results are reproduced in figure 1.6 for a rod concentration of 0.7 mg/mL (symbols). It is clear that 
the Derjaguin model (dashed curve) overestimates the experimental interaction potential. The AO 
sphere model (dotted curve) was rescaled by the authors to match with the potential at contact with L = 
0.5·a. One can see from figure 1.6 that the rods produce a depletion interaction more than 1000 times 
stronger than the same volume fraction of spherical depletants. Thus, they are very efficient depletants. 
The YJM model was found to predict approximately the correct magnitude and shape of the depletion 
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potential. The experimental deviations from the YJM model were attributed by the authors to the 
entropy associated with rod flexibility [78]. 
 
Figure 1.6. Interaction potential between two spheres (a = 0.5 μm) in fd-virus (L = 880 nm) 
suspension at concentration 0.7 mg/mL [76]. Measured interaction potentials are represented by the 
symbols. The lines are three different theoretical models indicated in the plot. Reprinted figure with 
permission from: Lin K, Crocker J C, Zeri a C and Yodh a G 2001 Phys. Rev. Lett. 87 088301. 
Copyright 2001 by the American Physical Society. http://prola.aps.org/abstract/PRL/v87/i8/e088301 
1.3.B. Forces induced by attached polymers 
Physically adsorbed polymers. Steric repulsion due to adsorbed polymer layers in good solvent 
conditions was studied by Owen et al. [79] using line-scanned optical tweezers. The pair interaction 
potential between two silica (SiO2) spheres (a = 0.6 μm) induced by adsorbed PEO chains had been 
measured. A long-range steric repulsion (range: ~ 4 Rg) was found for the range of potentials (0.1 kBT - 
5 kBT) and polymer molar masses (4.52·105 - 1.58·106 g/ mol) to be exponential. The authors modelled 
the interaction potential with an exponential function with a characteristic decay length close to 0.6 Rg. 
Further, Braithwaite et al. [80] investigated the adsorption of 5.6·104 Mw PEO onto glass in aqueous 
system using AFM. The authors described the evolution of the structure of the adsorbed polymer layer 
with time and the resulting variations if only a single surface was allowed to adsorb polymer. The 
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development of the layer was found to change with time from initially thin layer coverage up to a 
stable equilibrium layer of approximately 90 nm thickness. At partial polymer coverage a weak 
attraction was occasionally observed on approach of the surfaces, which the authors attributed to 
bridging of the polymer between the two surfaces. At full polymer coverage, repulsive interactions at 
all surface separations were observed. 
In chapter 4 of this thesis we present the measurements of steric repulsion between PEO layers 
adsorbed on a PS particle and a glass wall. We as well observed a time evolution of the structure of the 
adsorbed polymer layer which was reflected in the changes in the interaction potentials. Thus, we were 
able to trace a crossover from bridging to steric repulsion. It was possible to fit the latter with the 
Alexander-de Gennes expression for brush repulsion (equation 1.7). 
Pericet-Camara et al. [81] studied interaction forces between pre-adsorbed layers of branched 
polyelectrolyte poly(ethylene imine) (PEI) of different molecular mass with the colloidal probe AFM. 
During approach, the long-ranged forces between the surfaces were found to be repulsive due to 
overlap of diffuse layers down to distances of a few nm. The forces remained repulsive down to 
contact, likely due to electro-steric interactions between the PEI layers [81]. During retraction of the 
surfaces, erratic attractive forces were observed which was attributed by the authors to bridging. 
At bad solvent conditions the forces acting between two curved mica surfaces, each bearing a layer 
of adsorbed PS, immersed in cyclohexane at 24 °C were studied by Klein [82] using SFA. A zero force 
was observed at surface separations larger than about 3·Rg of the polymer; on closer approach a strong 
attraction was found to develop between the surfaces, which changed to a repulsion as the surfaces 
approached closer than about one Rg. 
Bridging. Bridging forces between two mica sheets in a cyclohexane solution of poly(α-
methylstyrene) (PαMS) and the kinetics of there evolution were measured by Granick et al. [83] using 
the SFA. A strong, dominant attraction due to bridging forces was found. The segmental sticking 
energy of the polymer to mica was estimated by the authors as kBT/3 [83]. 
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Klein and Luckham [84] used SFA to measure the interactions between two smooth mica surfaces 
immersed in an aqueous solution of PEO (a good solvent system) in the range 0−300 nm apart, and 
found that at low absorbance of the polymer on mica there is a reversible, time-independent, long-
range (~ 2.5 R g) attraction as the surfaces approach. On permitting equilibrium adsorption of the 
polymer to take place, the attraction disappeared, to be replaced by monotonically increasing, long-
range repulsion [84]. 
More recently, Goodman et al. [85], used AFM to investigate the influence of grafting density, 
σbrush, and the nature of the monomer on bridging forces. The authors studied the interaction forces 
acting on latex particles bearing densely grafted polymer brushes which consist of poly(N,N-
dimethylacrylamide) (PDMAM), poly(methoxyethylacrylamide) (PMEAM), poly(N-
isopropylacrylamide) (PNIPAM), and PMEA-b-PNIPAM in aqueous media (good solvent). Force 
profiles of PDMAM (0.017 nm-2 ≤ σbrush ≤ 0.17 nm-2) and PMEAM (σbrush = 0.054 nm-2) brushes were 
found to be purely repulsive upon compression, with forces increasing with M and σbrush, as expected, 
due to excluded volume interactions. At a sufficiently low grafting density (σbrush = 0.012 nm-2), 
PDMAM exhibited a long-range exponentially increasing attractive force followed by repulsion upon 
further compression. The long-range attractive force was believed to be due to bridging between the 
free chain ends and the AFM tip. The PNIPAM brush exhibited a bridging force at σbrush = 0.037 nm-2, 
a value larger than the grafting density needed to induce bridging in the PDMAM brush. Bridging was 
therefore found to depend on grafting density as well as on the nature of the monomer. The grafting 
densities of these polymers were larger than those typically associated with bridging. The occurrence 
of bridging interactions was interpreted by the authors as strong evidence for the presence of PNIPAM 
in a block copolymer PMEAM-b-PNIPAM brush given that the original PMEAM homopolymer brush 
produced a purely repulsive force. 
Grafted polymers. Interactions between DNA-grafted colloids were measured using optical tweezers 
by Kegler et al. [86]. Changing the grafting density enabled the authors to trace the transition from the 
‘‘mushroom’’—to the ‘‘brush’’—regime as shown in figure 1.7 (see section 1.2.B. Attached 
polymers). The measured interaction forces were purely repulsive for all grafting densities. It was 
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found that with decreasing grafting density the force-separation dependence approached that of hard 
spheres. For small grafting densities the length of the grafted DNA chains did not show an effect on 
the force-separation dependence, which indicated that the polymers were in the “mushroom”--regime. 
The interaction in this regime was found to show a scaling with the grafting density which leveled off 
to the behaviour of brushes as it is shown in figure 1.7. 
 
Figure 1.7. Forces of interaction between DNA-grafted colloids with varying grafting density (!: 
1.84·10-4 chains/nm2;  : 1.51·10-4 chains/nm2; ∀: 8.54·10-5 chains/nm2; ,: 5.91·10-5 chains/nm2; 7: 
3.95·10-5 chains/nm2; ξ: 1.97·10-5 chains/nm2 in buffered (10 mM C4H11NO3, pH 8.5) solution. The 
lines are guides to the eye. Reprinted figure with permission from: Kegler K, Salomo M and Kremer F 
2007 Phys. Rev. Lett. 98 058304. Copyright 2007 by the American Physical Society. 
http://link.aps.org/abstract/PRL/v98/e058304 
 
 
Appendix. List of direct experimental findings on polymer-induced 
interactions 
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In addition to the experimental findings which we discussed in section 1.3 in detail, we are listing 
experimental results, without any comments in two tables below. These tables are meant as a reference 
list, which should enable the reader to quickly look up the most qualitative outcome of experiments on 
a given system. Therefore the tables are ordered according to the nature of the probe colloids first and 
second with respect to the polymer solvent system. 
In table 1.1 we are listing experiments where the probe surfaces or particles were immersed in a 
solution of polymer and any adsorption of the polymer onto the particle interface occurred under 
experimental conditions. Differently, in the experiments we list in table 1.2, the polymers were grafted 
or physically adsorbed onto the probe surfaces, before the actual force measuring experiment. 
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Table 1.1. Forces between colloids in presence of polymer solutions 
System 
‘Colloids’ Polymer solution 
Method Results Ref. 
Mica PS/ toluene 
6·105 g/mol, 3·106 g/mol 
SFA Out of the sensitivity limit 
of SFA 
[56] 
Mica with 
adsorbed Triton 
X-100 chains to 
prevent 
adsorption of 
PEO 
PEO/ water 
3.8·104 g/mol, Mw/Mn = 1.4 
4·104 g/mol, Mw/Mn = 1.03 
SFA Steric repulsion due to 
PEO chains adsorption on 
mica 
[58] 
Mica NaPSS/ water 
6.5·103 -- 6.9·106 g/mol, 
Mw/Mn = 1.1 
SFA Depletion due to NaPSS in 
rod-like conformation 
[87] 
Mica CTAB/ water SFA Depletion; oscillatory 
potential due to packing of 
charged micelles 
[54, 68] 
SiO2-C18 sphere 
with a = 3.8 μm 
PDMS/ cyclohexane 
1.2·105 g/mol, Mw/Mn = 2.3 
AFM Depletion; 
δ = 10 nm ~ Rg 
[55] 
SiO2-C18 sphere 
with a = 3.0 μm 
PDMS/ cyclohexane 
1.4·104 g/mol, 3.1·104 g/mol 
8.3·104 g/mol, 1.2·105 g/mol 
AFM Depletion, δ decreases 
with increasing cp 
[88] 
SiO2 
with a = 3.5 μm 
NaPSS/ water 
6.8·103 g/mol, 3.4·104 g/mol 
7.7·104 g/mol, 6.5·105 g/mol 
Mw/Mn = 1.1 
AFM Depletion; fitting with 
equation 1.1 
[89] 
SiO2 NaPSS/ water 
4.6·104 g/mol, 2·105 g/mol 
AFM Depletion; oscillatory 
potential due to packing of 
charged polymers 
[90] 
SiO2 sphere 
with a = 4.5 μm 
Poly(acrylic acid) (PAA)/ 
water 
1.1·105 g/mol, Mw/Mn = 
1.13 
AFM Depletion; oscillatory 
potential due to packing of 
charged polymers 
[91, 92] 
SiO2 sphere 
with a = 2.5 μm 
Pluronic F 108, SDS/ water 
1.5·104 g/mol 
AFM Depletion due to large, 
charged polymer-
surfactant complexes 
[93] 
SiO2 sphere 
with a = 1.8 μm 
SiO2 nanospheres, a = 11 
nm/ water 
PS nanospheres/ water 
a = 11 nm and 16 nm 
AFM Study on influence of 
polydispersity of 
macromolecular size and 
surface charge on the 
depletion interaction 
[72] 
SiO2-C18 sphere Bis urea 2,4-bis(2-
ethylhexylureido)toluene 
(EHUT)/ cyclohexane 
Stopper: Monofunctional 
monomer 2,4-
bis(dibutylureido)toluene 
(DBUT) 
AFM Depletion, fitting with 
equation 1.1; 
tuned interaction by 
adding monofunctional 
chain stoppers to the 
solution 
[94] 
SiO2 spheres 
with a = 0.5 μm 
Fd-rods/ water Optical 
tweezers 
Depletion; possible to fit 
with equation 1.6 if rods 
flexibility is taken into 
account 
[76] 
SiO2 spheres DNA/ water Optical Depletion, accounting for [73, 74] 
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with a = 0.6 μm Rg = 500 nm tweezers excluded volume 
interactions gives good 
agreement with 
experiments 
Borosilicate 
glass sphere 
with a = 5 μm 
NaPSS/ water 
3.5·105 g/mol, Mw/Mn = 
1.01 
TIRM Depletion; oscillatory 
potential due to packing of 
charged polymers 
[95] 
Borosilicate 
glass sphere 
with a = 5 μm 
NaPSS/ water 
3.5·105 g/mol, Mw/Mn = 
1.01 
TIRM 
AFM 
Depletion; undulation of 
structural forces were used 
to calibrate AFM 
[70] 
Silicon nitride 
(Si3N4) tip 
PAA/ water AFM Depletion; oscillatory 
potential due to packing of 
charged polymers 
[96, 97] 
PS sphere 
with a = 1.5 and 
3.0 μm 
PEO/ water 
1·106 g/mol, Mw/Mn = 1.07 
TIRM Steric repulsion due to 
PEO chains adsorption on 
glass and PEO 
[67] 
PS sphere 
with a = 7.5 μm 
NaPSS/ water 
1.4·105 g/mol 
TIRM Depletion; structural 
forces due to packing of 
charged polymers 
[98] 
PS sphere with 
a = 7.5 μm 
SiO2 nanospheres (a = 6 
nm)/ water 
TIRM Depletion and structural 
forces 
[99] 
PS sphere with 
a = 7.5 μm 
CTAB/ water TIRM Depletion and structural 
forces 
[69] 
PS sphere 
with a = 2.9 μm 
Dextran/ water 
2.7·106 g/mol, Mw/Mn = 5.6 
TIRM Depletion; 
strong polydispersity 
effect on depletion 
[40] 
PS sphere with 
a = 1.5 μm 
Fd-virus/ water TIRM Depletion; rod flexibility 
effect 
[100] 
PS-DVB 
sphere, a = 1.9 
μm 
Boehmite rods/ water TIRM Depletion; fitting with 
density functional theory 
[101, 102] 
PMMA sphere  
with a = 0.6 μm 
SiO2 nanospheres (a = 40 
nm)/ water 
Optical 
tweezers 
Depletion and structural 
forces 
[103] 
Lipid bilayers  
DPPE and 
DMPC 
PEO/ water 
1·103 -- 2·104 g/mol 
SFA Depletion for 8·103 PEO, 
for Mw > 1·104 steric 
repulsion 
[59-61] 
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Table 1.2. Forces between colloids with attached and grafted polymers 
System 
‘Colloid’ Polymer solution 
Method Results Ref. 
Mica PEO/ toluene 
4·104 g/mol, 1.6·105 g/mol 
3.1·105 g/mol 
Mw/Mn < 1.13 
SFA Steric repulsion due to 
physically adsorbed PEO 
Range: 8.5 ± 1 Rg 
[104] 
Mica PEO/ water 
1.5·105 g/mol 
SFA Steric repulsion due to 
physically adsorbed PEO 
[105] 
Mica PEO/ water 
4·104 g/mol, Mw/Mn = 1.04 
1.6·105 g/mol, Mw/Mn = 1.03 
SFA Steric repulsion increasing 
monotonically on approach; 
range ~ 6 ± 1 Rg 
[63, 
104, 
106] 
Mica PEO/ water 
1.2·106 g/mol, Mw/Mn = 1.12 
SFA At low polymer adsorbance a 
long-range (~ 2.5 Rg) attraction 
-- bridging; 
at full adsorption steric 
repulsion 
[84] 
Mica Polylysine (9·104 g/mol)/ 
water 
SFA Electrostatic + steric repulsion [107] 
Mica PS/ cyclohexane (bad 
solvent) 
6·105 g/mol, 9·106 g/mol 
SFA Attraction at 4.6 nm < h ≤ 30 
nm; 
repulsion at h < 4.6 nm 
repulsion 
[108] 
Mica PS/ cyclohexane (bad 
solvent) 
6·105 g/mol 
SFA Attraction at Rg < h ≤ 3·Rg; 
repulsion at h < Rg  
[82] 
Mica PS/ cyclopentane (bad 
solvent) 
1.2·105 g/mol, 4.9·105 g/mol 
5.2·105 g/mol, 1.1·106 g/mol 
Mw/Mn < 1.09 
SFA Forces sensitive to solvent 
quality and solvent 
composition; 
attraction at T < Tθ 
[109, 
110] 
Mica PS/ cyclopentane 
6·105 g/mol, 2·106 g/mol 
SFA Bridging at partial adsorption; 
steric repulsion at full 
adsorption 
[111] 
Mica PS/ cyclopentane (near θ-
solvent) 
2·105 g/mol, 4·105 g/mol, 
6.5·105 g/mol 
SFA Bridging (range ~ 2.5 Rg); 
weaker bridging with 
increasing MPS 
[112] 
Mica Ethyl-
(hydroxyethy1)cellulose 
(EHEC)/ water (bad 
solvent) 
SFA Forces sensitive to T; 
ambient T: purely repulsive; 
above the cloud point: 
repulsive but less long-ranged, 
due to contraction of the EHEC 
layer in the bad solvent 
[113] 
Mica Poly(α-methylstyrene) 
(PαMS)/ cyclohexane 
9·104 g/mol, Mw/Mn < 1.1 
SFA Bridging; segmental sticking 
energy of polymer to mica ~ 
1/3 kBT 
[83] 
Mica PS-PEO/ toluene, xylene 
PS-X (X = sec-butyl, 
phenyl) 
a range of Mw of each of the 
blocks 
Mw/Mn ≤ 1.1 
SFA No bridging even at low 
coverage; 
only steric repulsion 
[114-
116] 
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Mica PVP-PI, PVP-PS/ toluene 
a range of Mw of each of the 
blocks 
SFA Steric repulsive forces [117] 
Mica PVP-PS/ cyclohexane 
a range of Mw of each of the 
blocks 
SFA Steric repulsion [118] 
Mica PVP-PS, PS-PVP-PS/ 
cyclohexane (~ θ-T) 
a range of Mw of each of the 
blocks 
SFA Brush repulsion; 
brush described with a MF 
model [117] 
[119] 
Mica PEO-lysine/ water SFA Electro-steric repulsion [120] 
Mica, 
Hydrophobic, 
hydrophilic 
PtBSP-NaPSS/ water 
a range of Mw of each of the 
blocks 
SFA Brushes formed at hydrophobic 
surfaces; 
Brush repulsion 
[121] 
Mica 
hydrophobic 
PtBMA-b-PGMAS/ water SFA Electro-steric repulsion [122] 
SiO2 spheres 
with a = 0.6 μm 
PEO/ water (good solvent) 
4.5·105 g/mol, 7.6·105 g/mol 
9.9·105 g/mol, 1.6·106 g/mol 
Mw/Mn < 1.09 
Optical 
tweezers
Steric repulsion due to 
adsorbed PEO; exponential 
over the range of energies (0.1 
kBT – 5 kBT) 
[79] 
SiO2 sphere 
with a = 3.4 μm 
Poly(ethylene imine) (PEI)/ 
water (good solvent) 
4·103 g/mol, 3·104 g/mol 
3·105 g/mol, 5·106 g/mol 
AFM Electro-steric repulsion by 
approach; 
Bridging during retraction 
[81, 
123] 
SiO2 sphere PMMA/ toluene AFM Strong steric repulsion due to 
dense polymer brushes 
[124, 
125] 
Glass sphere 
with a = 60 μm 
PEO/ water (good solvent) 
5.6·104 g/mol 
AFM Bridging at low surface 
coverage; 
Steric repulsion at full 
coverage 
[80] 
Si3N4 AFM-tip Poly(N-vinyl-2-pyrrolidone) 
(PVP)/ 
water (good solvent) 
1.3·106 g/mol 
SDS 
AFM Charged polymer-surfactant 
complexes; enhanced electro-
steric repulsion 
[126] 
Si3N4 AFM-tip 
Mica 
PVP-NaPSS/ toluene 
a range of Mw of each of the 
blocks 
AFM 
SFA 
Steric repulsion with a bimodal 
distribution of interaction 
distances due to brush 
heterogeneities 
[127] 
Si3N4 AFM-tip PEO/ water 
5·103 g/mol 
AFM Steric repulsion [128] 
Si3N4 AFM-tip PS, PEO-PMMA/ 
cyclohexane, water 
AFM Exponentially decaying steric 
repulsion 
[129] 
Si3N4 AFM-tip 
Mica 
PtBSP-NaPSS/ water AFM 
SFA 
Electro-steric repulsion with a 
strong dependence of 
interaction distance on cNaCl 
[127] 
Silicon tip PVP-PS/ toluene, water 
a range of Mw of each of the 
blocks 
AFM Stretched brush repulsion in 
toluene; 
brush collapse in water  
[130] 
PS sphere 
with a = 3 μm 
PEI/ water (good solvent) 
7.5·105 g/mol 
NaPSS 
7·104 g/mol 
Poly(diallylamine) 
Dimethyl-ammonium 
TIRM For more than one 
polyelectolyte layer 
inhomogeneous potentials with 
extremely long-ranged 
repulsive contributions 
[131] 
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bromide (PDADMAC) 
1·105 g/mol 
PS sphere 
with a = 0.33 μm 
PDMA, PMEA, PNIPAM, 
PMEA-b-PNIPAM/ water 
AFM Bridging being dependent on 
grafting density and monomer 
nature 
[85] 
Streptavidine 
covered spheres 
with a = 1 μm 
DNA/ water 
Different grafting density 
Optical 
tweezers
Electro-steric repulsion [86] 
Zirconia sphere 
with a = 10 μm 
PAA/ water 
7.5·105 g/mol 
AFM Bridging at low coverage; 
repulsion at high coverage; 
[132] 
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2. Total Internal Reflection Microscopy (TIRM) 
2.1. Introduction 
Total internal reflection microscopy (TIRM) is an experimental tool to directly study the interaction 
between a freely moving Brownian particle and a flat wall. This technique uses an evanescent wave, 
created when a laser beam undergoes total reflection at an optical interface, to determine separation 
distances between the sphere and the wall. An interaction potential between the particle and the wall 
can be obtained then from the Boltzmann distribution of separations sampled by the particle. The idea 
of using the Boltzmann’s law [1] to measure interaction potentials for colloidal particle and a wall was 
first suggested by Alexander and Prieve [2] in 1986. Since its initial development, TIRM has been 
used to study interactions between a colloidal particle and a solid wall as well as the particle dynamics 
near the wall. Interactions which have been measured with TIRM are: 
a) attractive van der Waals interactions [3, 4]; 
b) electrostatic double layer repulsion [5]; 
c) interactions due to external electric forces [6, 7]; 
d) depletion interaction [8-16]; 
e) steric repulsion [17, 18] 
f) optical trapping forces [19] 
g) interactions with cells and liposomes [20]. 
Furthermore, TIRM has been successfully used to study particle motion near the wall in the groups 
of Prieve [21-23] and Walz [24]. Moreover, the TIRM technique has also been used to calibrate the 
atomic force microscopy (AFM) data a posteriori [25, 26]. 
Major advantages of TIRM technique relative to other common methods to measure colloidal 
interactions, such as atomic force microscope (AFM) [27], surface force apparatus (SFA) [28] and 
 36
optical tweezers [29], are its extreme force sensitivity and its non-invasive nature. With TIRM it is 
possible to investigate the interactions of a single, freely moving, Brownian particle. This method 
enables measurements of forces as small as 10-14 N, the reason for this extreme sensitivity is the use of 
a molecular gauge for energy (kBT) instead of a mechanical gauge for the force determined by a spring 
constant, as it is used in AFM and SFA [30]. 
In this chapter we give an introduction to the TIRM technique. Firstly, in section 2.2 the measuring 
principles of TIRM are presented, followed by a description of our TIRM equipment in section 2.3, 
while in section 2.4 we give a brief introduction into the data analysis. Experimental findings are 
reported and comparisons of theory and experiment are discussed in section 2.5. Afterwards, in section 
2.6, we present work done on the treatment of problems in the TIRM experiment. 
2.2. Measuring principles 
The interaction potentials between a single colloidal particle and a wall can be obtained using 
evanescent field scattering in total internal reflection microscopy (TIRM) [31]. This technique is based 
on the Boltzmann’s law [1] which relates the probability density of finding the particle at a certain 
separation distance, h, to its potential energy at this distance, φtot(h): 
( )( ) exp ,tot
B
hp h A
k T
⎛ ⎞φ= −⎜ ⎟⎝ ⎠
         (2.1) 
where A is a normalizing constant. 
In aqueous solutions a colloidal sphere which has a higher density than water sediments towards the 
bottom wall of the container. If the surfaces are like charged, the particle will additionally experience 
an electrostatic repulsion from the wall. The superposition of gravitation and electrostatic repulsion 
leads to an interaction potential, φtot(h), which has a shallow minimum at a separation distance 0minh . 
Due to Brownian motion, however, the particle position will not be fixed at this equilibrium distance. 
It will rather sample a distribution of heights, p(h), which is related by Boltzmann's law (equation 2.1) 
to the interaction potential φtot(h). The fluctuations of the separation distance resulting from thermal 
motion can be directly observed by TIRM. For this purpose a laser beam is directed via a prism onto 
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the glass/solution interface as sketched in figure 2.1, with an incident angle, α, greater than the critical 
angle such that it is totally reflected. The electric field of the laser beam penetrates the interface 
causing an evanescent wave, the amplitude of which decays exponentially along the interface normal 
[32]. A single colloidal sphere, interacting with this evanescent wave, will scatter the light with 
strength depending on its position as [33, 34] 
{ }( ) ( 0)exp ,sI h I h hβ= = −         (2.2) 
where β is the inverse penetration depth of the evanescent wave intensity. A photomultiplier is used to 
monitor the scattered intensity as a function of time. For a sufficiently high number of data points 
(typically more than 5·104) the histogram of intensities converges to the probability density 
distribution of the intensity. By virtue of equation 2.2 the latter is directly related to the probability 
density of separation distances which can be converted into a potential energy profile using the 
Boltzmann’s law (equation 2.1). 
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Figure 2.1. Schematic picture of the TIRM apparatus. Scattered light is collected through an infinity 
corrected objective and split into two paths: one to the chip of a CCD-camera to image the field of 
view and the other to the photo-cathode of a photomultiplier tube. 
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2.3. Apparatus 
Our TIRM instrumentation is a home-built set-up, presented in figure 2.1, which was in parts 
assembled with standard microscope components from Olympus. 
Evanescent light source. A 15 mW HeNe-laser with λ = 632.8 nm is used to generate the evanescent 
wave. The laser is mounted on a vertically oriented goniometer, to allow for the variation of incident 
angles, α. A biconvex lens (with a focal length F = 160 mm) is build in front of the laser to decrease 
the size of the beam footprint at the reflecting interface. A polarizer is placed in the beam path to 
define the light polarization. For light to be totally reflected the angle of incidence must be larger than 
the critical angle, 1 2 1sin ( / )c n nα −= , where n1 and n2 are the refractive indices of the two media below 
and above the interface from which the laser beam is reflected. We use a rhombohedral BK-7 prism 
(n1 = 1.51) from Edmund Optics, GmbH (Germany) for the total internal reflection. Aqueous solutions 
(n2 = 1.33) were used for all experiments described in this work. This means that for our experimental 
conditions  the critical angle αc = 61.74°. Using the goniometer we can vary α, and therefore the 
penetration depth, β-1, which can be calculated using known n1, n2 and αi (distinguished from the 
optical path; see appendix): 
2 2
1 2
4 ( sin ) .n nπβ αλ= −          (2.3) 
The exact knowledge of the penetration depth is crucial for the data analysis, since it enters into the 
conversion of intensities to separation distances (see section 2.3. Data analysis). For all experiments of 
this work we applied a constant angle of incidence of 62.9 degree, which corresponds to a penetration 
depth of 224.6 nm (equation 2.3). 
Laser beams have Gaussian beam profiles of either x- or y-direction, however, their half-widths, w, 
also called the Gaussian beam radii [35] need not be equal. For non-normal incidence at the glass-
water interface, the circular symmetry of the incident Gaussian beam is distorted into an ellipse [31]. 
The radii of the incident laser beam we applied were determined by measuring the time-averaged 
scattering from a stuck particle (the particle sticks to the surface when the electrostatic repulsion is 
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screened, e.g. by high salt concentration in solution) as the two-dimensional stage bearing the 
measurement cell was slowly moved along the x- and y-axes. The results are shown in figure 2.2. The 
HeNe-laser beam has Gaussian profiles in the x- and y-directions with beam radii of wx = 0.3 mm and 
wy = 0.09 mm. 
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Figure 2.2. Intensity of a stuck particle illuminated by the evanescent wave as the particle is displaced 
from the center of the beam by moving the stage with the measurement’s cell along the x-axes (black 
squares) or y-axes (red circles). The lines are Gaussian profiles with wx = 0.3 mm and wy = 0.09 mm. 
Measurement cell. The solutions are contained in a carbonized PTFE-frame sandwiched between 
two microscope slides from BK-7 glass, which were received from Fischer Scientific Co. (USA). On 
the bottom glass surface the rhombohedral prism is attached with an immersion oil (n1 = 1.51) from 
Carl Zeiss, AG (Germany). To allow measurements on one particle under different conditions (for 
instance, salt and polymer concentrations) we use a pump (Ecoline VC from Ismatec 
Laboratoriumstechnik GmbH, Germany) to gently replace the solution. The measuring cell can be 
moved with a two-axis translation stages in order to find a colloidal particle in the microscope field of 
view. 
Optical path. Scattered light is collected through an infinity corrected objective (Olympus 
SLCPLFL 40X) and split into two paths both of which contain a tube lens to image the field of view 
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either to the chip of a CCD-camera (JAI M1) or the photocathode of a photomultiplier tube (PMT) 
(Hamamatsu H7421-40). In the path of the PMT, before the tube lens, an analyser is placed. We 
performed all measurements described here with pp-polarized light. Moreover, in the same path we 
introduce a diaphragm with a diameter of 800 μm in the image plane of the tube lens to cut off most of 
the observed background. A beam expander (bmX5 from LINOS Photonics GmbH, Germany) is 
placed in front of the PMT to expand the scattered light which went through the diaphragm and, thus, 
enable the illumination of the entire surface area of the photocathode. These arrangements improve the 
signal to noise ratio to better than 100:1 (see section 2.6. Problem treatment). The CCD-camera is used 
to make sure a single particle was located in the centre of the area observed through the diaphragm. 
The PMT is operated in the single photon counting mode with a time resolution of 500 ns. It is read 
out by a National Instruments counter card at a frequency of typically 100 to 1000 Hz. An example of 
the resulting intensity profile is shown in figure 2.3. For further evaluation the raw data were 
converted to intensity histograms and potential profiles using Origin (by OriginLab Corporation) work 
sheet scripts (see section 2.4. Data analysis). 
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Figure 2.3. Scattered intensity vs time obtained from a typical TIRM experiment. 
The entire detection body including the measurement cell can be moved in the x and y directions 
with the stepping motors (x.act XY from LINOS Photonics GmbH, Germany). By doing this, we can 
bring the particle, which is already in the field of view of the microscope, into the evanescent wave 
 42
field without changing the position of the HeNe-laser. Our entire TIRM instrumentation is mounted on 
the breadboard with a vibration damping system to protect it from vibrations. Since all fluctuations are 
attributed to Brownian motion any vibration causes some distortion in the obtained potential profile. 
Optical trap. Additionally, an optical trap is built in to prevent the colloidal particle from moving 
laterally out of the microscope observation area. For this purpose a second laser beam is focused 
directly at the particle from above through the microscope objective lens. We use a Verdi V2 Laser (2 
W, λ0=532 nm) with a tuneable light power output (Coherent Inc., USA) connected to the instrument 
via an optical fibre from OZ Optics Ltd. (Canada). Varying the intensity of the laser beam allows 
control over the strength of the trap. The trap enables us to hold the particle at its position while 
polymer or electrolyte solutions are replaced by pumping. Moreover, applying the trap one can move a 
colloidal particle laterally to any place in the cell. To avoid the illumination of the photocathode with 
the light coming from the optical trap we build up an edge filter into the path to the PMT. 
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Figure 2.4. Effect of the optical trap laser power, incident from the top to a 5.7 μm diameter PS 
sphere, on the apparent weight of this particle. 
Additionally to the gradient force, FGrad, the light from the optical trap exerts a force on the particle 
along the main beam direction, Flight, which is due to radiation pressure. Flight makes the particle 
apparently heavier. In figure 2.4 we present the dependence of the apparent particle weight on the trap 
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laser power. The intercept is the actual net weight of the particle, 0.06 pN, which is in good agreement 
with the value 0.05 pN calculated from the known particle radius and the PS density, ρ = 1.05 g/mL. 
During solution exchange in the cell we applied a laser power of 0.07 mW, corresponding to an 
apparent weight of 0.085 pN for a PS sphere with a diameter of 5.7 μm. 
2.4. Data analysis 
We followed the data analysis procedure suggested in the review of Prieve [31]. The histogram of 
intensities shown in figure 2.5 was obtained from the scattered intensity trace presented in figure 2.3. 
Further, we assumed that for a sufficiently high number of data points (typically more than 5·104) the 
histogram of intensities converges to the probability density distribution of the intensity, p(I) 
( )
lim ( ) ( ).
N I
N I p I
→∞
=∑  
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Figure 2.5. Histogram of a scattered intensities obtained from the intensity trace shown in figure 2.3. 
By virtue of equation 2.2 the latter is directly related to the probability of separation distances 
( ( )) ( ) ( ) ( ( )) ( ) ( ( )) ( )dIp I h dI p h dh p h p I h p h p I h I h
dh
β= → = → = − , which can be converted 
into a potential energy profile using Boltzmann’s law (equation 2.1) normalized by the probability 
density p( 0minh ) which corresponds to the minimum in the potential φ( 0minh ): 
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( )
( ) ( )min
min
( ) exp
h hp h
p h kT
φ φ−⎧ ⎫= −⎨ ⎬⎩ ⎭  
or 
0 0
min min( ) ( ( )) ( )ln
( ( )) ( )
h N I h I h
kT N I h I h
φ ⎛ ⎞Δ Δ = ⎜ ⎟⎝ ⎠         (2.4) 
A potential obtained in this way can be seen in figure 2.6; it is a potential which is relative to the 
separation distance 0minh  at the potential minimum. The absolute separation distances can be calculated 
from equation 2.2 as: 
( 0) 1ln .
( )
I hh
I h β
⎛ ⎞== ⎜ ⎟⎝ ⎠          (2.5) 
However, for this purpose one has to know the maximum scattering intensity, I(h = 0). We measured 
I(h = 0) by bringing the sphere into contact with the wall. This can be done for charged stabilized 
colloids by screening the double-layer repulsion. 
 
Figure 2.6. Relative interaction potential between a 5.7 μm diameter PS sphere and a glass wall 
obtained from the histogram presented in figure 2.5. 
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2.5. Interaction potentials; theory and experimental results 
If a sphere in the vicinity of a flat wall is charged stabilized there are two contributions to the 
interaction potential between the sphere and the glass plate, the gravitational energy φG(h) and the 
electrostatic repulsion φel(h). The van der Waals attraction it is negligible when the separation distance 
is larger than its range. Thus, in the superposition approximation we write: 
( ) ( ) ( ).tot el Gh h hφ φ φ= +          (2.6) 
In the linear Poisson-Boltzmann regime the electrostatic pair interaction between two like charged 
plates immersed in electrolyte solution with a dielectric constant ε, reads [28] 
2
, 0 0( ) 2 exp( ) .el plates r
B B
h h
k T k T
φ ε ε ψ κ κ−=         (2.7) 
This holds for a constant Stern potential of the plates, ψ0, that is given by their surface charge density, 
σ, as ψ0=σ/εε0κ, where κ−1 is the Debye screening length, which is related to the electrolyte 
concentration of the solution, cel, by [ ]1 0.304 / elnm cκ − = [mol/L] for 1÷1 electrolytes in water [28]. 
To compare predicted interaction potentials with the experimental TIRM data we calculated 
electrostatic potential between a sphere and a plate using the Derjaguin approximation (see chapter 1. 
Direct measurements of polymer induced forces): 
2
, 0 0( ) 4 exp( ) exp( ) .el sphere plate r
B B
h a h B h
k T k T
φ π ε ε ψ κ κ− − = −=      (2.8) 
It is not necessary to determine the amplitude B of the exponent in equation 2.8 explicitly, because it is 
related to 0minh  by 
0
min ln( / )h B Gκ κ=  [31]. The gravitational contribution to the total potential is 
given by 
( )G h Ghφ = ,           (2.9) 
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where 3(4 / 3)G a gπ= Δρ  is the buoyancy-corrected net weight of the sphere, with Δρ the particles 
excess mass density and g the acceleration due to gravity. 
In figure 2.7 we present experimental interaction potentials between a 5.7 μm diameter PS sphere 
and a glass wall obtained in solutions with different electrolyte concentrations. The optical trap kept 
the particle in place while solutions with different electrolyte concentrations were exchanged. As one 
can see from figure 2.7, an increased electrolyte concentration in solution (smaller Debye length,  κ-1) 
leads to screening of the electrostatic repulsion, e. g. the left-hand side of the potential curve becomes 
steeper. However, as expected, the gravitational part of the slope (the right-hand side) is almost 
unaffected by the electrolyte concentration in the solution. The lines in figure 2.7 are the results of a 
simultaneous non-linear least squares fit applying equations 2.6, 2.8 and 2.9 with the sphere weight, G, 
as a global parameter and κ-1 as a local fit parameter. The results are presented in Table 2.1. The fit 
parameters correspond well to the expected values, which can be calculated from the Debye length of 
the solution, κ-1, in turn obtained from the known electrolyte concentration. The known apparent 
weight of the PS sphere could be calculated from a = 2.85 μm, Δρ = 50 kg/m3 and the light pressure, 
which is known from the calibration (see section 2.3. Apparatus and figure 2.4). 
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Figure 2.7. Experimental interaction potentials between a 5.7 μm diameter PS sphere and a glass wall 
obtained in solutions with different Debye length, as indicated in the legend. Lines are the best non-
linear least squares fits applying equations 2.6, 2.8 and 2.9 with the parameters listed in Table 2.1. 
Table 2.1. Fit parameters, from the non-linear least squares fits applying equations 2.6, 2.8 and 2.9 
to the experimental interaction potentials presented in figure 2.7, compared to the expected Debye 
length in solution, κ-1, and the apparent weight of the colloidal sphere with a = 2.85 μm. 
 Fit parameters Expected values 
Gapp/ pN 0.086 0.085 
16.9 15.2 
24.8 21.5 
 
κ-1/ nm 
35.1 30.4 
 
In figure 2.8 we present experimental interaction potentials between the 5.7 μm diameter PS sphere 
and the glass wall obtained with different laser power of the optical trap. The electrolyte concentration 
in solution was kept constant to yield κ-1 = 30.4 nm. Table 2.2 lists the apparent weight of the sphere, 
obtained from the best non-linear least squares fits of the experimental interaction potential, depending 
on the applied laser power. Increasing laser power makes the particle apparently heavier; this can also 
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be seen from the fact that the gravity part (a right-hand side) of the curves in figure 2.8 becomes 
steeper. 
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Figure 2.8. Experimental interaction potentials between a 5.7 μm diameter PS sphere and a glass wall 
obtained with different laser power of the optical trap, as indicated in the legend. Lines are the best 
non-linear least squares fits of the experimental interaction potentials applying equations 2.6, 2.8 and 
2.9 with parameters listed in Table 2.2. The electrolyte concentration in solution was kept constant to 
yield κ-1 = 30.4 nm. 
Table 2.2. Fit parameters, from the bets non-linear least squares fits applying equations 2.6, 2.8 and 
2.9 to the experimental interaction potentials presented in figure 2.8, corresponding to the applied laser 
power. 
Gapp/ pN Laser power/ mW 
0.048 0 
0.066 0.03 
0.078 0.06 
0.140 0.13 
0.192 0.27 
0.235 0.41 
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2.6. Problem treatments 
TIRM is a very sensitive experimental tool. Using the molecular gauge for energy (kBT), appearing 
in Boltzmann’s law, instead of the mechanical gauge for force (as in case of AFM and SFA), this 
technique enables the determination of potentials as weak as of the order of ~ kBT. Moreover, changes 
in separation distance as small as 1 nm can be detected [31]. For such a sensitive tool it is very 
important to know exactly the dependence of the scattered intensity on the separation distance between 
the particle and the wall, which is given by equation 2.2. However, as was shown recently by Helden 
et al. [36] equation 2.2 may be violated if inappropriate penetration depths and/or polarization of the 
incident beam are applied. The reason for this violation is the multiple reflection between the particle 
and the wall. The authors recommend the use of p-polarized light and a penetration depth below 150 
nm, β-1 < 150 nm, for obtaining reliable results with the TIRM technique. We placed a polarizer in 
front of the laser beam to obtain p-polarization of the light; an analyzer was put into the detection 
beam path to eliminate the depolarized part of the scattered light. 
Another very crucial issue for the TIRM measurements is a good contrast between background 
scattering and scattering from the particle, (i.e. signal/noise ratio). To improve the signal/noise ratio 
we introduced several improvements to our TIRM equipment. Firstly, to create an evanescent wave a 
rhomboid prism was introduced instead of a 90°-prism. This gave a significant reduction of the back 
reflection from the prism’s surfaces, which previously led to high background scattering. Secondly, in 
the path of the PMT we introduced a diaphragm with a diameter of 800 μm (see section 2.3. 
Apparatus) to cut off most of the observed background scattering. Before these changes were arranged 
the signal/noise ratio of our TIRM measurements was worse than 4:1. The influence of such a poor 
signal/noise ratio on the interaction potential between a 5.7 μm diameter PS sphere and a glass wall 
can be seen from figure 2.9.a) and 2.9.b) The potential profile became significantly distorted; thus, it 
could not be described applying equations 2.6, 2.8 and 2.9. 
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Figure 2.9. Effect of improving the signal/noise ratio on the interaction potential between a 5.7 μm 
diameter PS sphere and a glass wall. Scattered intensity traces in a) and c) correspond to the 
signal/noise ratios of 4:1 and 100:1. Experimental interaction potentials (symbols) in b) and d) were 
obtained from the intensity traces using a standard procedure for data evaluation (see section 2.4. Data 
analysis). Lines in b) and d) are interaction potentials calculated for the applied system (2a = 5.7 μm 
and κ-1 = 30 nm). 
After the changes described above were introduced into the TIRM equipment the signal/noise ratio 
had been improved to better than 100:1. Interaction potentials obtained under these conditions could 
be accurately described by the theory applying equations 2.6, 2.7 and 2.9 (see figure 2.9.c) and 2.9.d)). 
One should stress here that in all our TIRM measurements we studied ideal systems from the 
scattering point of view, e. g. PS spheres, glass walls and transparent aqueous solutions. The difference 
in refractive index between PS and water is large enough to produce strong scattering and, thus, 
sufficient contrast to the background scattering. However, TIRM can also be applied to turbid fluids 
[16] or glass slides covered with non-transparent coatings [37], which leads to seriously reduced 
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signal/noise ratio. In this case Odiachi and Prieve [38, 39] suggested techniques for removing the 
effect of noise by the TIRM data treatment (deconvolution of the background scattering etc.). 
Appendix: Calculation of the incident angle required to create the 
evanescent wave 
For light to be totally reflected, the angle of incidence, α, must be larger than the critical angle, 
1
2 1sin ( / )c n nα −= , for all TIRM measurements we had performed n1 = 1.51 and n2 = 1.33. This means 
that for our experimental conditions  the critical angle αc = 61.74°. In figure 2.10 we present how to 
relate the angle of incidence of the laser beam, α, with the angle ε which is the experimentally preset 
angle between the horizontal and the laser beam. 
 
Figure 2.10. Sketch of the evanescent wave optics. When the incident angle, α, is larger than the 
critical angle, αc, the incident beam is totally reflected at the interface and the evanescent wave 
penetrates into the fluid. The angle ε is the experimentally preset angle between the horizontal and the 
laser beam and can be related to the angle of incidence of the laser beam, α. 
The angle ε can be determined by moving the x-stage of the measurement cell a known distance, Δx, 
and measuring the displacement of the laser beam in the y-direction, Δy. Thus, 1tan ( / )y xε −= Δ Δ . A 
1 12
1
1
1
1
1
1.33sin sin 61.74
1.51
45
sinsin
45
sin(45 )sin 45
c
n
n
n
n
α
α γ
γ
ε
εα
− −
−
−
⎛ ⎞ ⎛ ⎞= = = °⎜ ⎟ ⎜ ⎟⎝ ⎠⎝ ⎠
= + °
⎛ ⎞Δ= ⎜ ⎟⎝ ⎠
Δ = −
⎛ ⎞° −= + °⎜ ⎟⎝ ⎠
 52
decrease in the angle ε leads to an increase in the angle of incident, α, and, according, to equation 2.3 
to a decrease in the penetration depth, β-1. 
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3. Depletion interaction mediated by polydisperse polymer 
studied with TIRM 
Abstract 
Total internal reflection microscopy (TIRM) was applied to measure depletion forces between a 
charged colloidal sphere and a charged solid wall induced by dextran, a non-ionic non-adsorbing 
polydisperse polysaccharide. The polymer size polydispersity is shown to greatly influence the 
depletion potential. Using the theory for the depletion interaction due to ideal polydisperse polymer 
chains we could accurately describe the experimental data with only a single adjustable parameter. 
3.1. Introduction 
The depletion interaction between colloidal particles due to non-adsorbing polymers has been 
studied thoroughly for more than fifty years. Understanding depletion phenomena is relevant for many 
reasons. Firstly, it helps to get to know when and why phase separation occurs in mixtures of polymers 
and colloids [1, 2]. Depletion-induced phase separation makes it possible to concentrate colloidal 
dispersions in a convenient way [3, 4]. In addition, if the colloids and/or polymers are polydisperse, 
depletion-induced phase separation can be used for size fractionation of the components [5, 6]. Besides 
these practical reasons, depletion studies provide an accessible way of ‘tuning’ the range of the 
interaction between colloidal particles by varying the diameter of the added non-adsorbing 
macromolecules, and adjusting the strength of the attraction by changing the concentration of 
polymers. Colloid-polymer mixtures are therefore model fluids for studying the properties of liquids, 
as well as crystallization and gelation phenomena [7-9]. 
The mechanism that is responsible for depletion interaction was first explained by Asakura and 
Oosawa [10], and independently by Vrij [11, 12]. It was regarded in detail in chapter 1 (see section 
1.2.A. Non-adsorbing polymers (depletion) and figure 1.1). It can be understood considering two 
surfaces immersed in a solution of non-adsorbing polymer chains. In the step function approximation 
the polymer concentration in the depletion layer is zero. Outside this layer the polymer concentration 
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equals the bulk polymer concentration. The thickness of the depletion layer, δ, lies in the range of the 
radius of gyration of the polymer, Rg. If the depletion layers overlap, the osmotic pressure acting on 
the surfaces is unbalanced leading to a net attractive osmotic force that pushes the surfaces together. 
A large amount of theoretical work on depletion forces and the resulting phase behavior are based 
on expressions for the pair interaction potentials [13]. Nowadays it is possible to measure pair 
interaction potentials directly using optical tweezers [14], the atomic force microscope (AFM) [15-17] 
and total internal reflection microscopy (TIRM) [18-23]. Major advantages of the TIRM technique 
relative to other direct methods for studying depletion interactions are its extreme sensitivity and its 
ability to investigate the interactions of a single, freely moving, Brownian particle. Several 
measurements were performed with TIRM on interactions between a sphere and a wall due to different 
charged depletants (polyelectrolytes, cationic micelles and charged nanosilica particles) [18, 19, 21-
23] as well as non-adsorbing uncharged polymers [19, 20]. Some of these results are controversial. For 
example, Pagac et al. [19] did not detected any significant depletion interaction between a silica sphere 
and a glass plate in a solution of non-charged poly(ethylene oxide) (PEO) whereas theoretical results 
for ideal chains [24] predict a strong depletion attraction with a contact value of a few hundred kBT 
under the experimental conditions Pagac et al. applied. Differently, Rudhardt et al. [20] were able to 
measure depletion interaction due to the same polymer under conditions where the depletion forces are 
significantly weaker and the predicted contact value is close to −10 kBT. These controversies might be 
evoked by the fact that Pagac’s measurements were performed under conditions, under which it is not 
possible to detect depletion forces with TIRM. Therefore, a simple theoretical framework is required 
to estimate the correct experimental conditions (polymer concentration, particle size and Debye 
screening length) enabling depletion studies with TIRM. 
Another essential issue that has not attracted significant attention in theories and simulations is 
polydispersity. Because of the chemical kinetics of polymerization, many synthetic and natural (except 
for several proteins and viruses) polymers have a finite molar mass distribution. However, in most 
studies polymers were treated as being monodisperse and incorporation of their size polydispersity has 
gained very limited attention in theories for (polymer-induced) depletion. So far, polydisperse 
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polymers were mainly simplified as polydisperse spheres [25-30]. A first extension towards 
polydisperse ideal chains was done by Tuinier and Petukhov [31]. Here we compare their theory with 
our data on the depletion force induced by polydisperse polymers, as obtained with TIRM. 
The chapter is organized as follows: in section 3.2 we first give a simple theoretical prediction of 
conditions under which the depletion interaction between a colloidal particle and a wall is measurable 
with TIRM, followed by a brief review of the theory of depletion effects mediated by ideal 
polydisperse polymers, while in section 3.3 we present our experimental system. Experimental 
findings are reported and comparisons of theory and experiment are discussed in section 3.4. Finally, 
we give short conclusions in section 3.5. 
3.2. Theory 
3.2.A. Conditions under which the depletion interaction is measurable with TIRM 
The particle height fluctuations resulting from the thermal motion can be directly observed by TIRM 
(see chapter 2). This technique exploits the properties of the evanescent wave which is formed when a 
laser beam undergoes total reflection at an optical interface [32-34]. 
To calculate the total interaction between a sphere and a plate in a polymer solution, we assume 
three contributions to the potential which are gravitational energy φG(h), electrostatic repulsion φel(h), 
and depletion φdepl(h). When the separation distance is larger than the range of the van der Waals 
attraction, the latter is negligible. Thus, in the superposition approximation we write: 
( ) ( ) ( ) ( ).tot el depl Gh h h hφ φ φ φ= + +         (3.1) 
Using equation 2.8 and equation 2.9 the electrostatic and gravitational parts of the total interaction 
potential can be calculated. Since we can independently measure φG(h) and φel(h), the depletion 
potential φdepl(h) can be calculated from the measured φtot(h), see equation 3.1. 
Applying the Derjaguin approximation for equation 1.1 gives the following expression for the 
depletion attraction between a sphere and a plate: 
 58
[ ]2
,
2 2 ' '      0 2
( )
0                                       2 .
p
depl sphere plate h
a h dh for h
h
for h
δ
π δ δφ
δ
−
⎧− Π − ≤ ≤⎪= ⎨⎪ >⎩
∫     (3.2) 
In the paper of Vrij [12] a simplification of an ideal polymer chain by replacing it with a penetrable 
hard sphere (PHS) is proposed. PHS are spheres that are hard for a colloidal particle, but which can 
freely permeate through each other. For the radius of a PHS one should take the depletion thickness δ. 
A calculation of the depletion thickness, δ, from the segment density profile of ideal chains near a flat 
wall made by Eisenriegler [35] and gives [36] 
2
.g
Rδ π=            (3.3) 
After integration of 2δ−h in equation 3.2, using 2 /gRδ π= ,  and substituting the osmotic pressure, 
Πp, in the dilute polymer limit by 3/ / (3/ 4 )p B p gk T c c Rρ π∗Π = = ⋅ , we acquire a simple analytical 
expression for the depletion potential between a sphere and a plate: 
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  (3.4) 
Here cp is the polymer mass concentration in g/L, the polymer overlap concentration c* is related to the 
molar mass Mp and the radius of gyration Rg of the polymer as 33 / 4p g Ac M R Nπ∗ = . As follows from 
equation 3.4 at fixed size ratio a/Rg an increase of the polymer concentration, cp, leads to a 
proportional increase of the magnitude of the attraction between the plate and the sphere. A decrease 
of the size ratio a/Rg at fixed polymer concentration leads to a decrease of the contact potential and an 
increase of the range of attraction. Thus, it is possible to ‘tune’ the range of the depletion interaction 
by varying Rg of the macromolecules; the interaction strength can be varied by changing the polymer 
concentration. 
Now, when all the contributions (φG(h), φel(h), φdepl(h)) to the total interaction potential, φtot(h), are 
known we can calculate it for different experimental conditions by inserting equations 2.8, 2.9 and 3.4 
into equation 3.1. 
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Figure 3.1. Total interaction potential, Δφtot(h), between a charged 5.7 μm diameter particle and a 
charged wall at various Debye lengths. The curves were calculated using equation 3.1, 2.8, 2.9 and 3.4 
for a solution containing polymer chains with a radius of gyration of 44 nm. The polymer 
concentrations of the solutions are indicated in the legend. 
In figure 3.1 we demonstrate the influence of polymer and salt concentration on the predicted total 
potential for a size ratio a/Rg~70 and Rg=44 nm. In the low salt concentration regime at κ−1 = 13.0 nm 
without any polymer present, the equilibrium distance of the particle from the surface, 0minh , exceeds 
two depletion thicknesses. Under these conditions the contribution of the depletion interaction is not 
sufficient to significantly affect the total potential, φtot(h). In this case the potential profiles do not 
perceptibly change with increasing polymer concentration. An increase of the salt concentration leads 
to higher screening of the electrostatic repulsion, κ−1 = 7.6 nm, which reduces 0minh . The total potential 
now deepens with increasing polymer concentration and the depletion interaction should be clearly 
observable. At even larger salt concentration, κ−1 = 5.6 nm, the depletion interaction has a very 
pronounced influence on φtot(h). However, it is not experimentally accessible, since 0minh  is now in a 
range where van der Waals attraction between the sphere and the plate will dominate the potential. 
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3.2.B. Depletion interaction mediated by polydisperse ideal chains 
In section 3.2.A. we gave simple predictions for the total potential on the basis of PHS and step 
function approximations for the depletion interactions. That makes it possible to estimate required 
experimental conditions for a depletion attraction measurement with TIRM. To enable a quantitative 
comparison between experimental TIRM data and theory we now present exact expressions for the 
depletion interaction between a sphere and a wall due to ideal polymer chains. 
Asakura and Oosawa [10] calculated the force between two plates immersed in a solution of non-
adsorbing uncharged monodisperse polymers. This was the first theory on depletion interaction due to 
ideal polymer chains. Using statistical mechanics they derived an expression for the partition 
coefficient, χ, which is the polymer concentration between the plates divided by the concentration 
outside the plates. The partition coefficient allows to calculate the osmotic pressure difference between 
the plates as a function of the separation distance, h. Integration of this force then yields the depletion 
interaction potential [35, 36]: 
, ( ) 2 ,depl plates
p B
h
h h
k T
φ χ δρ = − + −         (3.5) 
where the proper boundary condition , ( ) 0depl platesφ ∞ =  was used, recovering the depletion layer 
thickness per plate, δ=2Rg/√π; ρp is the number of polymer chains per volume. 
For two plates immersed in a solution of polydisperse polymers the same analysis was performed by 
Tuinier and Petukhov [31], also leading to equation 3.5, but with different, polydispersity depended 
functions χ and δ. The polydisperse partition coefficient, χpoly, reads 
0
0
( , ) ( )
,
( )
poly
h M M dM
M dM
χ
χ
∞
∞
Ψ
=
Ψ
∫
∫
        (3.6) 
which replaces χ in equation 3.5. Ψ(M) is the weight distribution of the polymer molar mass, which 
further will be called molar mass distribution for convenience. χ(h, M) is the partition coefficient 
between two plates due to polymer chains with a molar mass M, which is given by 
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The polydisperse depletion thickness, δpoly, becomes: 
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To relate the polymer concentration cp (in g/L) to the number of polymer chains per volume ρp we use 
following relation: 
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         (3.9) 
Here NA is Avogadro’s number and the concentration cp reads as: 
0
( ) ,pc Z M dM
∞
= Ψ∫  with Z being 
normalization constant. 
The molar mass dependent radius of gyration Rg(M) which is required in equation 3.7 and 3.8 is 
calculated from 
,gR b M=            (3.10) 
where the square root corresponds to the ideal polymer chain regime in a θ-solvent [37]. The pre-
factor b depends on the segment length and the chain architecture. Consequently, for a known polymer 
molar mass distribution, Ψ(M), it is possible to fit the experimental depletion potentials using just one 
single parameter b. Applying the Derjaguin approximation to equation 3.5 through equation 3.9 yelds 
the final expression: 
,
,
2 ( 2 )  ,depl sphere plate poly poly
p poly B h
a z z dz
k T
φ π χ δρ
∞
− = − + −∫       (3.11) 
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which is required to calculate the interaction between a sphere and a plate due to polydisperse ideal 
chains. Note that the contact potential between two plates in a solution of polydisperse polymers 
becomes 2 poly B polyk Tρ δ−  for h→0. 
3.3. Experimental 
3.3.A. Samples and preparation 
Polystyrene latex spheres with a diameter of 5.7 μm (CV 9.5%) were obtained from Interfacial 
Dynamics Co. (USA). The particles were diluted from the stock suspension down to a volume fraction 
of 10-9 for the experiment. The solutions were contained in a carbonized PTFE-frame sandwiched 
between two microscope slides from BK-7 glass, which were received from Fischer Scientific Co. 
(USA). The glass slides were thoroughly cleaned in an ultrasonic bath for 30 min in C2H5OH before 
assembling the sample cell. 
 
Figure 3.2. Normalized differential weight fraction distribution of molar masses, Ψ(M), of dextran 
from Pharmacosmos A/S, Denmark. The solid curve is a best fit according to a distribution consisting 
of two Gaussians (equation 3.12). 
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Dextran with the molar mass distribution Ψ(M), shown in figure 3.2 was obtained from 
Pharmacosmos A/S, Denmark and used without further purification. The solid line in figure 3.2 is a 
best fit of the molar mass distribution according to a superposition of two Gaussians: 
22
1
( )exp 2
0.5
i ci
i ii
B x xy
wwπ=
⎧ ⎫−= −⎨ ⎬⋅ ⎩ ⎭∑ .       (3.12) 
Table 3.1. Parameters used to fit the experimental molar mass distribution Ψ(M) of dextran, presented 
in figure 3.2. 
i 1 2 
Bi 0.732 0.275 
wi 0.895 0.642 
xci 5.565 6.606 
 
The best fit values for the parameters Bi, variance wi, and mean xci are given in Table 3.1. The z-
averaged radius of gyration, <Rg>z = 43.7 nm, and the weight-averaged molar mass of dextran in 
water, Mw = 2.7⋅106 g/mol, were obtained from static light scattering. The measurements were 
performed with a commercial instrument from ALV-Lasergesellschaft (Germany) equipped with a 15 
mW HeNe-laser at λ0 = 632.8 nm from Coherent Inc. (USA) as the light source and an avalange diode 
as the detecting unit. The light scattering data were analyzed using standard procedures [38]. On the 
basis of Mw and <Rg>z we roughly estimated 33 / 4p g Ac M R Nπ∗ =  as 12.4 g/L. Ultra pure Milli-Q 
water (resistivity better than 18.2 MΩcm-1; Millipore GmbH, Germany) was used as a solvent for all 
experiments and cleaning steps. Solutions of dextran were prepared by weight. All dextran 
concentrations used in the measurements were lower than c*. Therefore, it was possible to apply the 
ideal chain approximation. The pH of samples was adjusted with a standardized stock solution of 0.1 
M NaOH from Aldrich, Germany. All solutions had pH = 9.7 to prevent the adsorption of dextran on 
the particle and wall surfaces. Under these conditions OH¯-groups would replace polymer molecules 
from the negatively charged surfaces of the latex sphere and the glass. NaCl, A.C.S. grade from 
Aldrich, Germany, was used to achieve the required Debye length. 
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3.3.B. TIRM measurements 
The measurements principles of TIRM had been explained in detail in chapter 2. The experimental 
setup used was the same as described by Kleshchanok et al. [39] and in chapter 2. The experimental 
protocol was as follows: first a potential was obtained in the absence of dextran. Afterwards this 
solution was replaced by a polymer/electrolyte solution with the same Debye length. After the 
measurement was performed a new solution with a higher dextran concentration was added. The 
procedure was repeated until all polymer concentrations were measured. At the end of the experiment 
a solution with a high salt concentration (0.1 M NaCl) was pumped to make the particle stick to the 
surface, in order to enable the measurement of I(h=0), which is required to convert relative separation 
distances to absolute values. It was possible to use the same particle to obtain a set of potential profiles 
for one particular Debye length and different polymer concentrations. Thus, a direct comparison 
between potential profiles was possible. 
3.4. Results and discussion 
3.4.A. Experimental findings 
Total potentials, Δφtot(h), between a 5.7 μm diameter polystyrene sphere and a glass wall measured 
in a solution with the Debye length of κ−1 =13.0 nm, are shown in figure 3.3. Solid squares show the 
interaction profile in the absence of dextran. We were able to fit that curve with the superposition of a 
gravitational contribution and an electrostatic term. According to equations 2.8 and 2.9, and 
eliminating B from the minimum of φtot(h) the relative potential, Δφtot, can be obtained in terms of the 
relative separation distance h−hmin: 
{ }( )1min min min( ) exp ( ) 1 ( ) .tot
B B
h h G h h h h
k T k T
φ κ κ−Δ − = − − − + −⎡ ⎤⎣ ⎦     (3.13) 
As can be seen from equation 3.13 the weight of the particle, G, can be directly extracted from the 
linear branch of the interaction profile at large h. The value obtained from the curve is 80 fN. It 
corresponds to a 5.7 μm diameter sphere having an apparent density of 1.08 g/cm3, which is bigger 
than the expected value for polystyrene latex (1.05 g/cm3). This discrepancy is due to the fact that the 
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optical trap, used to prevent the lateral movement of a particle, exerts a light pressure on the sphere 
which makes it apparently heavier. The decay length obtained by exponential regression from the 
potential profile at small h is 13.6 nm. It agrees well with the Debye screening length of κ−1 = 13.0 nm 
corresponding to the electrolyte concentration of 0.55 mM used in the measurement. 
 
Figure 3.3. Interaction potential, Δφtot(h), between a 5.7 μm diameter PS sphere and a glass wall. Solid 
squares show the interaction profile in the absence of a polymer. Open symbols refer to the solutions 
with dextran (<Rg>z = 43.7 nm), of which the concentrations are: − 1.4 g/L; 8 2.8 g/L; Χ 3.6 g/L. The 
Debye length, κ−1, is for plot: a) 13 nm; b) 7.4 nm; c) 5.6 nm. The solid curves are the best fit in plots 
a) and b) according to equation 3.13; and in plot c) it represents a model calculation according to 
equation 3.13 including the estimated van der Waals attraction from equation 3.14. 
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Open symbols in figure 3.3.a) show the interaction profiles between the sphere and the wall in the 
presence of dextran, of which the concentrations are indicated in the figure caption. Upon increasing 
the polymer concentration, no significant difference in the profiles could be detected. This is due to the 
fact that the equilibrium separation distance in the absence of polymer, 0minh , under these experimental 
conditions does not intersect with the range of the depletion-induced attraction. For dextran used in the 
experiment <Rg>z = 43.7 nm, which corresponds to a range of attraction of 2 δ ≈ 100 nm. This range is 
smaller than 0minh  = 116 nm. Hence, the depletion interaction is not measurable with TIRM under these 
particular experimental conditions. This finding is in agreement with the work of Pagac et al. [19], 
where no significant attraction was found between a silica sphere and a glass wall in the presence of 
PEO. Also there, the sphere’s equilibrium distance from the surface was larger than two depletion 
thicknesses. 
In figure 3.3.b) we present interaction potentials, Δφtot(h), measured between a particle with the 
same diameter of 5.7 μm and a glass surface in a solution with an increased electrolyte concentration 
of 1.6 mM (κ−1 = 7.6 nm). The decreased Debye length results in an increased negative slope of the 
potential profile at small h and a shift of 0minh  to 58 nm. From the fit of the potential curve in the 
absence of dextran, presented by the solid squares, we obtain G = 105 fN and κ−1 = 8.7 nm. The 
obtained Debye screening length corresponds well to the value of 7.6 nm as calculated from the used 
electrolyte concentration and the increase of G can be explained by variations of particle size and 
density when changing from one particle to another. After adding polymer the total interaction 
potentials (open symbols) deviate from the profile in the absence of dextran. Their minima shift to 
smaller separation distances and the slope on the right side of the potential becomes steeper at 
intermediate distances with increasing polymer concentration, because dextran molecules exert a 
measurable depletion interaction between the particle and the glass surface under these conditions. The 
resulting attraction becomes stronger with increasing polymer concentration as predicted from 
equation 3.4 and the potential profiles deepen. The obtained experimental results qualitatively follow 
our expectation on the basis of the theoretical predictions, which were plotted in figure 3.1. 
 67
More experimental results are presented in figure 3.3.c) using the highest electrolyte concentration 
(2.9 mM). Here κ-1 = 5.6 nm and causes a further shift of 0minh  to even smaller distances. The 
equilibrium separation distance is now 0minh  = 27 nm. The interaction profile, Δφtot(h), in the absence 
of dextran, presented by solid squares, shows a significant curvature in the attractive part. It was not 
possible to fit this potential with the superposition of a gravitational contribution and an electrostatic 
term. Since the particle’s equilibrium location is very close to the wall for κ−1 = 5.6 nm, we conjecture 
that van der Waals attraction is dominating the potential in this range. This fact was first 
experimentally verified by Suresh and Walz using TIRM [40, 41]. The solid curve in figure 3.3.c) 
presents the estimated total potential including van der Waals attraction between the sphere and the 
wall, which accordingly to Israelachvili [42] reads as: 
, 6vdW plate sphere H
aA
h
φ − = − .         (3.14) 
Here we roughly estimated the Hamaker constant as AH ≈ 0.2 kBT to achieve the best match of the 
experimental potential. This value corresponds very well to AH < 0.5 kBT calculated by Bevan and 
Prieve [43] for the glass and PS surfaces using Lifshitz theory and incorporating retardation and 
screening by the presence of ions in solution. The strong van der Waals forces clearly dominate the 
attractive part of the interaction potential. As presented in figure 3.3.c), the potential profiles are not 
extensively influenced by the presence of dextran in the solution. The depletion attraction is a minor 
contribution to φtot(h) now. Therefore, it was not possible to extract the depletion potential under these 
conditions. 
To summarize these observations, we experimentally verified our predictions (section 3.2.A.) for the 
conditions under which the depletion interaction is measurable with TIRM. They are the following: 
a) in the absence of polymer the equilibrium separation distance between a particle and a wall has 
to be smaller than two depletion thicknesses and significantly larger than the range of van der Waals 
attraction: 0min 2vdWh h δ< ≤ ; 
b) the magnitude of the depletion interaction should be larger than approximately kBT to make a 
clear difference between the total interaction profiles obtained in the presence and in the absence of 
polymer. 
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During the measurements in solution with the Debye screening length of 7.4 nm, shown in figure 
3.3.b), we fulfilled these conditions. 
3.4.B. Depletion potentials; comparison with theory 
By subtracting the profile for zero dextran concentration from the potential profiles obtained in the 
presence of polymer the pure depletion interaction potentials were extracted. These depletion curves 
are plotted as open symbols in figure 3.4 for different polymer concentrations, cp. 
 
Figure 3.4. Depletion potential between a 5.7 μm diameter polystyrene sphere and a glass wall in 
aqueous solution with dextran, of which the concentrations are: − 1.4 g/L; 8 2.8 g/L; Χ 3.6 g/L. In all 
solutions κ−1 = 7.4 nm. The curves are: a) model calculations using equation 3.4 for a monodisperse 
polymer with <Rg>z = 43.7 nm and Mw = 2.7⋅106 g/mol; b) model calculations using equation 3.4 for a 
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polydisperse polymer with <Rg>w=30.9 nm and Mw=2.7⋅106 g/mol; c) non-linear least squares fits 
with equation 3.11 using the full molar mass distribution of the polymer. 
In our system the depletion interaction between a particle and a wall presented in figure 3.4 at 
separation distances smaller than two depletion thicknesses is purely attractive. Contrary to earlier 
reports [20] we did not find any repulsive contribution to the depletion interaction, which is agreement 
with careful simulations of colloid polymer mixtures [44]. At larger distances the potential goes to 
zero as expected from the theoretical predictions (equation 3.11). On the basis of the PHS 
approximation for monodisperse polymers equation 3.4 predicts a stronger depletion attraction with 
increasing macromolecule concentration; this trend is seen in figure 3.4. However, there is no 
quantitative agreement between the experimental profiles and this simple theory. The dashed lines in 
figure 3.4.a) were calculated from equation 3.4 using the z-averaged radius of gyration of dextran, 
<Rg>z = 43.7 nm, its weight averaged molar mass, Mw = 2.7·106 g/mol, and overlap concentration, c* = 
12.4 g/L. Here the particle radius, a = 2.85 μm, and the Debye screening length, κ−1 = 7.6 nm, were 
kept as in the experiment. It is clear that the very simple PHS model significantly overestimates the 
range and depth of the depletion potential. This is due to the fact that the dextran used in the 
experiment was highly polydisperse and can not be described as a monodisperse chain with Rg = 43.7 
nm. 
In order to take into account the polydispersity of dextran, first we simply substituted Rg in equation 
3.4 with the weight-average radius of gyration <Rg>w. The latter depends on the molar mass 
distribution of dextran Ψ(M) and follows from: 
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Here the pre-factor b, as in equation 3.10, depends on the segment length and the chain architecture 
and can be estimated by using the expression for the z-averaged radius of gyration: 
 70
0.5
0
0
( )
.
( )
g z
M M bdM
R
M dM
∞
∞
Ψ
< > =
Ψ
∫
∫
        (3.16) 
Since we measured <Rg>z and Ψ(M) is known it was possible to determine b from equation 3.16. In 
this way we found <Rg>w = 30.9 nm for dextran. Dashed lines in figure 3.4.b) are calculated from 
equation 3.4 after substitution of Rg with <Rg>w. This replacement provides a better match to the 
experimental data than calculations, which were done using the z-averaged radius of gyration. 
Nevertheless, the depletion potential range and depth are still predicted too large. 
Calculations of the number-averaged radius of gyration <Rg>n from the molar mass distribution or 
from the experimental value of <Rg>z lead to the value of <Rg>n ~ 10 nm. The corresponding 
depletion thickness δ < 25 nm is too small to describe correctly the depletion potential range and 
value. This is why we finally compare the experimentally measured depletion potentials with the result 
of equation 3.11 for the depletion interaction due to polydisperse ideal polymers using the entire molar 
mass distribution of dextran, Ψ(M) to calculate χpoly and δpoly. We used equation 3.10, which is the 
scaling law relating the molar mass, M, and the radius of gyration of polymer, Rg, to obtain the 
distribution of the radii of gyration. The square root in this equation corresponds to the ideal polymer 
chain regime in a θ-solvent. It was shown by Koning et al. [45] that water is very close to a θ-solvent 
for dextran. Therefore, using gR b M=  is justified for our calculations. The distribution of the radii 
of gyration of dextran is required in equations 3.7 and 3.8 to calculate the polydisperse depletion 
thickness, δpoly, and the polydisperse partition coefficient, χpoly. Consequently, given the molar mass 
distribution of polymer, Ψ(M), the pre-factor b, which depends on the segment length and the polymer 
chain architecture, is the only adjustable parameter required to describe the experimental depletion 
potentials. Qualitatively one would expect the contact value of the potential and its range to increase 
with increasing b and vice versa. However, for a quantitative prediction, molecular simulations would 
be required. We used a global non-linear least squares algorithm to simultaneously fit the curves from 
all dextran concentrations. The results are presented as full curves in figure 3.4.c). A good agreement 
between the theory and experiment has been achieved now. The magnitude of b obtained from the fit 
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procedure is 0.24 nm⋅g-1/2⋅mol-1/2, that lies in between data of Nordmeier [46] and Ioan et al. [47]. Our 
analysis manifests that a satisfactory description of the depletion potential is not possible using 
averaged values of the radius of gyration. For polymers with a broad molar mass distribution the full 
distribution has to be incorporated into the theoretical expressions for φdepl(h). This is well in line with 
the theoretical work of Tuinier and Petukhov [31], who showed for a plate--plate geometry, that the 
depletion potential due to polydisperse depletants can not be described satisfactorily using an averaged 
value of Rg if the molar mass distribution has a standard deviation which is larger than 0.7 of the center 
value. Few words have to be said about the link between the polymer mass concentration, cp, and their 
number density, ρp. Usually, the mass concentration of the polymers is used for technical applications. 
Therefore, it is important to note that the number density in a solution of monodisperse polymers, 
mono
pρ , is larger than the number density in a solution of polydisperse polymers, polypρ , at the same 
mass concentration cp. This can be seen from the equation 3.9 which relates concentration and density. 
For monodisperse polymers equation 3.9 gives /monop p Ac N Mρ = , while it is a decreasing function of 
the standard deviation for finite distribution widths due to the increase of the integral in the 
denominator. This leads to the effect that depletants become less effective with increasing 
polydispersity at constant mass concentration. 
3.5. Conclusions 
We measured the depletion potential between a sphere and a wall in a solution of the polydisperse 
dextran with total internal reflection microscopy. It was shown theoretically and experimentally 
verified under which conditions the depletion interaction should be measurable by TIRM. We found 
that the particle equilibrium distance from the surface in the absence of polymer has to be shorter then 
the depletion thickness and longer than the range of the van der Waals forces: 0min 2vdWh h δ< ≤ . This 
finding explains some of the contradictions in literature about experimentally determined depletion 
potentials. 
At the same time the magnitude of depletion attraction must be larger than approximately kBT to 
achieve a clear difference between the total interaction profiles obtained in the presence and in the 
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absence of a polymer. By varying the solution Debye screening length hmin can be adjusted to the 
desired value and upon changing the polymer concentration, one can adjust the magnitude of the 
depletion attraction in the required way. 
Further we investigated the influence of the polymer mass distribution on the depletion potential. 
For the widely applied dextran with broad distribution, we show that the depletion potential can not be 
predicted using average values for Rg. Rather the full expression for the molar mass distribution has to 
be incorporated into the equation for the calculation of the polymer partition coefficient and the 
depletion thickness in order to achieve a reasonable description of the depletion potential. 
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4. Steric Repulsion by Adsorbed Polymer Layers Studied 
with Total Internal Interaction Microscopy 
Abstract 
Total internal reflection microscopy (TIRM) was applied to measure the interaction potential 
between charge stabilized polystyrene latex spheres and a glass wall in dependence on the 
concentration of additional poly(ethylene oxide). The influence of the polymer can be described by 
steric repulsion between polymer layers, which are physically adsorbed onto the surfaces of the 
polystyrene sphere and the glass wall. The expected attractive contribution to the potential due to 
polymer depletion was not observed. An increase of the polymer bulk concentration is shown to 
strengthen the steric repulsion. At the highest polymer concentrations studied it is possible to 
accurately describe the experimental data for the steric contribution to the total interaction potential 
with the Alexander-de Gennes model for brush repulsion. 
4.1. Introduction 
Interactions in colloid-polymer mixtures are the key question in colloidal stability. Stabilization and 
destabilization of colloidal systems against van der Waals attraction by polymers are very important in 
different fields such as, e. g., food industry, paint production, oil recovery, biology, etc. [1]. Two 
situations, stabilization and flocculation, can be distinguished, depending on whether the polymer 
adsorbs on the particle surfaces or not. Adsorption stabilization, also called steric stabilization, arises 
in good solvents for the polymer and can be attributed to osmotic interactions between segments of the 
polymers adsorbed onto opposing surfaces. If the solvent quality for the adsorbed polymer worsens, 
the repulsive interaction weakens and eventually the particles will aggregate, because steric repulsion 
can not any more overcompensate van der Waals attraction. This process is usually referred to as 
adsorption flocculation [2]. A second mechanism, which may lead to flocculation even under good 
solvent conditions is bridging, that is, one polymer chain adsorbs onto two ore more particles 
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simultaneously, thereby causing strong attractive interactions. If the polymer chains do not adsorb onto 
the colloidal surfaces depletion flocculation will take place in the system [3]. In this case attractive 
interactions are due to a polymer concentration gradient from the bulk to the region between two 
particles located close to each other. Thus, understanding the influence of additional polymer on 
colloidal interaction is an important issue and the most basic question is whether or not the polymer 
adsorbs onto the particle surface. 
If the polymer chains do not adsorb onto the surfaces a depletion force between the surfaces will 
occur. The mechanism that is responsible for depletion interaction was first explained by Asakura and 
Oosawa [4], and later independently by Vrij [5, 6]. It can be understood considering two surfaces 
immersed in a solution of non-adsorbing polymer chains. In the step function approximation the 
polymer concentration in the depletion layer is zero. Outside this layer the polymer concentration 
equals the bulk polymer concentration. The thickness of the depletion layer, δ, lies in the range of the 
radius of gyration of the polymer, Rg. If the depletion layers overlap, the osmotic pressure acting on 
the surfaces is unbalanced leading to a net attractive osmotic force that pushes the surfaces together. 
If the polymer adsorbs onto the particle surface, a plethora of different scenarios may occur which 
have been treated theoretically [7]. The interaction forces depend on the surface coverage, on whether 
the polymer chains are physically adsorbed from the solution (a reversible process) [8, 9] or grafted 
onto the surfaces (an irreversible process) [10-12] and on the quality of the solvent [8, 9, 13, 14]. 
Most direct experimental measurements on the interactions between surfaces bearing adsorbed and 
grafted polymer chains were done using the SFA [15-18] and the atomic force microscope (AFM) [19-
22]. However, these methods only allow to study large interaction potentials with a high degree of 
polymer layer compression and interpenetration. Thus, it might be questioned whether experiments 
performed with the AFM and the SFA are adequate for weak interactions which are relevant to the 
behavior and properties of colloidal particles stabilized with polymer layers. Recently measurements 
with optical tweezers [23] and total internal reflection microscopy (TIRM) [24] were reported. Major 
advantages of these techniques are their extreme sensitivity and their ability to investigate the 
interactions of a single, freely moving Brownian particle. For the case of a colloidal particle bearing 
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polymer chains this means there is no external layer compression created under experimental 
conditions. 
In this contribution we report on a systematic TIRM study of the effect of additional poly(ethylene 
oxide) (PEO) on the interaction between charge stabilized polystyrene (PS) latex spheres and a glass 
wall. We chose this system, although there had been thorough investigations of it before, because from 
literature it appears that there are two scientific communities, which have contradicting views of the 
properties of PEO. Scientists studying polymer adsorption consider PEO as polymer with a high 
tendency to adsorb from aqueous solutions on such surfaces as: mica [17, 25], glass [21], silica [23, 
26] and PS [27]. At the same time scientists investigating depletion processes have treated PEO as 
non-adsorbing on PS and glass surfaces [28-31]. We studied PEO with Mw = 106 g/mol and for this 
particular case we will show that depletion interaction in the system PS sphere/ PEO in water/ glass 
wall is very much weaker than expected from the standard theoretical model, if it is active at all. To 
the contrary we observe repulsive interaction induced by the addition of polymer, which we assign to 
the formation of a brush-like PEO layer on the particle and the glass surface. 
This chapter is organized as follows: in section 4.2 we present our experimental system and TIRM-
equipment. The experimental findings are reported in section 4.3 and discussed in their context to 
work published earlier in section 4.4. Finally, we give short conclusions in section 4.5. 
4.2. Experimental 
4.2.A. Samples and preparation 
Polystyrene latex particles with a diameter of 5.7 μm (CV 9.5%) were obtained from Interfacial 
Dynamics Co. (USA) and 2.8 μm (σ=0.13 μm) spheres were purchased from Polyscience Inc. (USA). 
The particles were diluted from the stock suspension down to a volume fraction of 10-9 for the 
experiments. The solutions were contained in a carbonized PTFE-frame sandwiched between two 
microscope slides from BK-7 glass, which were received from Fischer Scientific Co., USA. The glass 
slides were thoroughly cleaned in an ultrasonic bath for 30 min in ethanol before assembling the 
sample cell. 
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Poly(ethylene oxide) with a molar mass of Mw = 106 g/mol (PD < 1.35) was obtained from PSS 
GmbH, Mainz, Germany and used without further purification. The radius of gyration of this polymer 
in water was determined by static light scattering as Rg = 74.7 nm and corresponded well to the value 
from the literature Rg = 67.7 nm [32]. On the basis of Mw and Rg we estimated 33 / 4p g Ac M R Nπ∗ =  as 
1.3 g/L. Ultra pure Milli-Q water (resistivity better than 18.2 MΩcm-1; Millipore GmbH, Germany) 
was used as a solvent for all experiments and cleaning steps. Solutions of PEO were prepared by 
weight. All polymer concentrations, cPEO, used in the measurements were lower than c*. The highest 
bulk polymer concentration of 1.0 g/L is at least three times the concentration necessary to saturate the 
particle and the wall surfaces, according to literature adsorption isotherms [33]. The pH value and the 
Debye length of the solutions were adjusted with a standardized stock solution of 0.1 M NaOH from 
Aldrich, Germany. All solutions had pH = 10.8, corresponding to a Debye length of κ−1 = 12.4 nm and 
a NaOH concentration of 0.6 mM, to keep the glass surface negatively charged, which is crucial at the 
initial and final stages of the experiment. All experiments were performed at ambient temperature. 
4.2.B. TIRM measurements 
The interaction potentials between a single particle and the wall were obtained using evanescent field 
scattering in total internal reflection microscopy (TIRM) [34]. The experimental TIRM setup was the 
same as described by Kleshchanok et al. [35, 36]. With this instrument it was possible to exchange 
solvents while the observed particle was kept in place by an optical trap. For all experiments we 
applied an angle of incidence of 62.9 degree, which corresponds to a penetration depth of β-1=224 nm 
as calculated from the optical path (see appendix from chapter 2). The exact knowledge of the 
penetration depth is crucial for the data analysis, because it enters into the conversion of intensities to 
separation distances [36]. We, therefore, check whether the experimentally determined potential curve 
from a sphere of known mass in aqueous suspension of known ionic strength fits to the prediction for 
the potential based on a superposition of gravity and electrostatic repulsion. The influence of the 
electrolyte and the polymer in the solution on the penetration depth, β-1, can be neglected. Based on the 
refractive index increments for NaOH (dn/dc = 2.78×10-4 L/g) [37] and PEO (dn/dc=1.35×10-5 L/g) 
[32] we calculate that the variation of the solvent’s refractive index, n2, is smaller than 10-4 at the 
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highest polymer concentration. A larger effect is expected from the variation of n2 in the layer of 
adsorbed PEO on the glass and the particle surface. From the respective adsorption isotherms [38] we 
estimate n2 ≈ 1.331 in the adsorbed polymer layer. Assumption, that the entire gap between the glass 
and the particle is filled with a medium of this refractive index, would increase the penetration depth 
by ca. 5%. This does not influence the conversion of scattered intensities to separation distances to a 
detectable amount. We therefore chose to use n2 = 1.330 throughout. This ‘simplified’ approach was 
also successfully used by Bevan and Prieve who studied the adsorption of Pluronic on the PS surfaces 
[24]. 
The protocol for a complete experimental run was as follows: first, a potential was measured in the 
absence of PEO at a given Debye length. Then, the solvent was replaced by a polymer/electrolyte 
solution with the same Debye length as before. The potential measurement was performed after a 
delay time of at least one hour; the time is required for the system at a given concentration to reach 
equilibrium. The procedure was repeated for seven different polymer concentrations. Afterwards the 
polymer was desorbed from the surfaces and at the final stage a solution with a high salt concentration 
(0.1 M NaCl) was pumped into the sample cell to completely screen the electrostatic interaction. By 
this the particle is allowed to settle at the wall surface, which enables the measurement of the reference 
intensity I(h=0), that is required to convert relative separation distances to absolute values. It was 
possible to use the same particle to obtain a complete set of interaction potentials for different polymer 
concentrations which largely facilitates comparison between potential profiles recorded under different 
conditions. 
4.3. Experimental findings 
4.3.A. Temporal evolution of interaction profiles; phenomenological description 
In figure 4.1.I−4.1.V we present the time evolution of the interaction potential between a 2.8 μm 
diameter PS sphere and the wall over a complete experimental run. Part a) shows the experimentally 
measured interaction potentials and in part b) we display sketches to illustrate the qualitative 
interpretation of the potentials. Histograms of the intensity fluctuations resulting from the thermal 
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motion of the sphere are shown as insets in figure 4.1.a.I)−4.1a.V), where the frequency of certain 
intensity N(I) is plotted vs I. From the histograms we calculated potential profiles, Δφtot(h), by applying 
the standard procedure described elsewhere [34]. 
 
Figure 4.1. Time evolution of the adsorption process in a system PS sphere (2.8 μm)/ PEO in water/ 
glass wall: a) experimental interaction profiles Δφtot(h); b) sketches illustrating the phenomenological 
interpretation. For details see main text. 
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I) In the absence of PEO there are just two contributions to the potential which are gravitational 
energy φG(h) and electrostatic repulsion φel(h): 
( ) ( ) ( ).tot el Gh h hφ φ φ= +          (4.1) 
Since the separation distances were always larger than the range of the van der Waals attraction, the 
latter is negligible. Figure 4.1a.I) shows the interaction potential between a sphere and the wall in the 
absence of PEO. 
II) After pumping a PEO solution with a concentration of 1.0 g/L through the cell, the interaction 
potential becomes narrower an deeper. This could be either due to a depletion effect or to polymer 
bridging. However, the attractive force is still large at separation distances exceeding 150 nm. At this 
distance depletion interactions should have leveled off, because the effect of depletion is limited to a 
range of 2.26×Rg ≈ 150nm in the present case. We thus conjecture that bridging interactions are 
effective in this situation, which result in comparatively small fluctuations of the scattered intensity, a 
correspondingly narrow intensity histogram and a very narrow and deep potential, which is presented 
in figure 4.1a.II). However, within several minutes, after the surfaces had been saturated with the 
polymer, the intensity fluctuations become larger again (see also figure 4.2.) indicating a weakening of 
the bridging. 
III) We now let the system stay for one hour to reach the equilibrium. Afterwards the interaction 
potential, shown as solid squares in figure 4.1a.III), was measured. The minimum position of the 
potential, i. e. the most probable separation distance of the sphere from the wall is shifted to much 
higher values as compared to the system which contained no PEO (figure 4.1a.I). This indicates an 
additional repulsive contribution due to steric interaction between adsorbed polymer layers which 
stabilizes the colloidal particle. To demonstrate the efficiency of the steric stabilization we replaced 
the solvent by a solution with the same polymer content but now having cNaCl = 0.1 mol/L. At this 
electrolyte concentration the Debye length [39] κ-1=0.304/c0.5NaCl is of the order of 1 nm which means 
effective screening of the electrostatic interactions. The empty squares in figure 4.1a.III) show the 
potential measured under these conditions. There is no significant difference between this and the 
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potential obtained in the presence of low electrolyte concentration (0.6 mM NaOH), shown as solid 
squares. This fact qualitatively indicates that the stability of the colloidal particle is due to steric 
repulsion between the adsorbed polymer chains and that electrostatic repulsion can be neglected at 
high polymer concentrations. The slight shift of the minimum position between the two curves is 
probably caused by a reduction of the range of the steric repulsion, due to a slight desorption of the 
polymer during solvent replacement. Further it is important to note, that at distances smaller than 200 
nm the interaction potential is purely repulsive in both cases. This is not compatible with depletion 
interaction playing a significant role in this situation. According to the theory for depletion interaction, 
a potential minimum around h ≈ 50 nm with a depth of several kBT is expected from the polymer 
concentration at hand. This indicates that depletion interaction plays a minor role, if at all, in the 
present situation. 
IV) Subsequently a solution of 0.6 mM NaOH without PEO was pumped through the cell for four 
hours to desorb PEO completely from the glass and the PS surfaces. The empty stars in figure 4.1a.IV) 
present the interaction potential between the sphere and the wall after complete desorption. This 
potential corresponds very well to the potential obtained at stage I) which is presented for comparison 
as solid stars. 
V) After PEO had been desorbed from the surfaces a 0.1 M NaCl solution was added to the cell 
again. Now the electrostatic repulsion is screened completely, and the particle sticks to the wall, 
resulting in very small intensity fluctuations. If these fluctuations are analyzed in the usual way, the 
resulting ‘potential curve’ becomes extremely narrow (figure 4.1a.V). It is important to note that this 
curve does not represent a real interaction potential but reflects fluctuations of the primary intensity 
and the thermal noise of the counting statistics. 
It is possible to directly observe the transition from bridging between the sphere surface and the wall 
to additional stabilization by the steric repulsion in the presence of PEO, i.e. from situation II to III in 
figure 4.1. For this purpose we recorded the scattered intensity trace for 30 minutes, shown in figure 
4.2. The intensity fluctuations are a result of the thermal motion of the particle normal to the wall, 
which allows a qualitative interpretation of the data by the following considerations. The closer the 
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sphere is to the wall, the higher is the average scattered intensity; and the wider the range of separation 
distances it is able to probe, the larger are the fluctuation amplitudes. 
0 50 100 1200 1350 1500
0
100
200
300
400
500
600 CPEO = 1.0 g/L
c)b)
 
 
I/ 
K
H
z
Time/ s
a)
CPEO = 0 g/L
 
Figure 4.2. Scattered intensity from a 2.8 μm diameter PS sphere close to the glass wall vs time: a) 
particle in electrolyte solution; b) decrease of the average intensity and fluctuation amplitudes after 
adding PEO into the system; c) spontaneous increase of the fluctuation amplitude parallel to a decrease 
of the average intensity. 
Part a) of the trace shown in figure 2 was recorded in the absence of PEO and the intensity profile 
here corresponds to the potential presented in figure 4.1a.I), which consists solely of a superposition of 
gravity and electrostatic repulsion. After a polymer solution with cPEO = 1.0 g/L was pumped into the 
cell, bridging occurred. As is shown in figure 4.2.b), the intensity fluctuations were damped, which 
means that the separation distances, the sphere could sample, were very limited. From figure 4.1a.II) 
we can see that they are constricted to ca. 200 nm ≈ 3Rg. After ca. four minutes the intensity 
fluctuations spontaneously broadened while the mean value became smaller as shown in figure 4.2.c). 
This is in accordance with the transition from a situation with a small amount of polymer adsorbed to 
the surfaces, where bridging dominates. to a situation with large polymer excess concentration at the 
surfaces, where steric repulsion dominates. The decrease of the average scattered intensity shows that 
the most probable separation distance, hmin has increased. This means that the repulsive part of the 
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potential now has a larger range than in the case where electrostatics are the only repulsive 
contribution (figure 4.2.a). 
Up to now we presented a purely phenomenological discussion of the polymer influence on the 
interaction between a PS-particle and a glass wall, which may be summarized as follows. The polymer 
PEO appears to adsorb on the glass and the particle surface, leading to a steric repulsion between the 
adsorbed polymer layers, while depletion plays a minor role, if it is active at all. To enable a 
quantitative comparison between experimental data and with theoretical model we measured the 
dependence on PEO concentration of the interaction potential between the sphere and the wall. 
However, we chose to use larger colloidal particles in order to enhance possible effects of polymer 
depletion. As the strength of depletion interactions is expected to scale with the particle radius, we 
used a particle with a diameter of 5.7 μm. With this particle we observed phenomenologically the 
same behavior as discussed above for the 2.8 μm sphere. The data for the dependence of the 
equilibrium potential on the polymer concentration are presented and discussed quantitatively in the 
next section. 
4.3.B. Interaction profiles at different PEO concentrations 
Choice of the model potential. As discussed in the previous section there are two contributions to the 
total equilibrium interaction potential between the PS-particle and the glass wall, if no polymer is 
present, i. e. electrostatic repulsion, and gravity. Upon the addition of PEO to the system, either 
depletion or steric repulsion or both of them may become active. In figure 4.3.a) the interaction 
potential between a 5.7 μm sphere and the glass is plotted for two polymer concentrations, namely 
cPEO = 0 and cPEO = 1.0 g/L. For comparison we plotted the corresponding data from the 2.8 μm sphere 
in figure 4.3.b). In both cases, the data for cPEO = 0 were non-linear least squares fitted with the 
superposition of a gravitational contribution and an electrostatic term: 
( ) exp( ) ,tot effh B h G hφ κ= − +         (4.2) 
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where 3(4 / 3)eff LG a g Fπ= Δρ +  is effective weight of the sphere of radius a, with Δρ the particles 
excess mass density, g the acceleration of gravity and FL the light force due to the optical trap. B is the 
charge parameter, which is difficult to determine independently [39]. It is connected with the most 
probable separation distance between the particle and the wall 0minh  through 
0
min ln
eff
Bh
G
κκ = ,          (4.3) 
where the superscript ‘0’ refers to zero polymer concentration. Applying equation 4.3 we can eliminate 
B from equation 4.2 and the relative potential, Δφtot(h), can be obtained as 
{ }( )1 0 0min min( ) exp ( ) 1 ( ) .efftot
B B
Gh h h h h
k T k T
φ κ κ−Δ ⎡ ⎤= − − − + −⎣ ⎦      (4.4.) 
where we defined 0min( ) 0.hφΔ =  Since the Debye length is fixed by the electrolyte concentration to κ-
1=12.4 nm we remain with two floating parameters, i.e. heff and 0minh . The best fits with equation 4.4 
are presented as solid line in figure 4.3. The effective weight of the spheres obtained from the fit are 
Geff = 88 fN for the large and Geff = 37 fN for the small sphere. These values deviate from the values 
calculated using the particle radius and the nominal density ρ  = 1.05 g/cm3 because of the contribution 
of FL. The minimum positions 0min 129h =  nm for the large and 0min 89h =  nm for the small sphere can 
be converted to the charge parameter B = 1.3×104 kBT and. B = 1.5×102 kBT respectively. We did not 
correct for the experimental data for the effect of the laser trap because it does not influence the shape 
of the repulsive branch of the potential, which is the relevant part for the effects to be discussed here. 
This is illustrated by the curves with small symbols, which have been calculated using the nominal PS 
density, i.e. neglecting FL. 
In order to estimate the influence of depletion interaction upon addition of polymer we calculated 
the depletion potential according to 
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where c* is the polymer overlap concentration, δ is the depletion layer thickness which depends on the 
radius of gyration of polymer Rg as 2 /gRδ π=  [40]. The strength of the depletion interaction 
increases with growing polymer concentration; the range of the potential is set by Rg and does not 
exceed two depletion layer thicknesses. 
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Figure 4.3. Interaction potentials, Δφtot(h), between a 5.7 μm (a) and a 2.8 μm (b) diameter PS sphere 
and a glass wall. Symbols are experimental data recorded at different polymer concentrations; open 
triangles: cPEO = 0 and full squares: cPEO = 1.0 g/L PEO (c/c* = 0.8). Lines present the calculations 
according to the superposition of equations 4.4 and 4.5 (a: Geff = 88 fN, κ-1 = 12.4 nm, B = 1.3×104 
kBT; b: Geff = 37 fN, κ-1 = 12.4 nm, B = 1.4×102 kBT nm) for different polymer concentration as 
indicated in the figure. The vertical bars mark the separation distance where the electrostatic potential 
has decayed to 0.1 kBT. 
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Superpositions of this contribution with the effective weight and the electrostatic repulsion 
determined before are displayed as broken lines in figure 4.3 for different values of c/c*. For both 
spheres the total potential is strongly attractive for distances smaller than ca. 150 nm. Above this value 
the potential levels off to the effective weight of the spheres. At distances significantly smaller than 
the respective minima positions, 0minh , the potentials run through a minimum, the depth of which 
increases with c/c*. For small separation distances the theoretical potential become repulsive due to the 
large electrostatic contribution. It is obvious from figure 4.3 that the experimental potential profile for 
the highest polymer concentration we studied (c/c* = 0.8), which is displayed as solids squares in 
figure 4.3, has a completely different shape. First, the gradient ( )totd h dhφ of the experimental 
potential is increasing monotonically with the distance, while it has a maximum at in the calculated 
curves. Second, the position of the potential minimum hmin is shifted to larger values with respect to 
0
minh  by a factor of two for the larger sphere, while in the case of the small sphere 
0
min min3h h≈ . 
Differently, for the theoretical curves hmin is always significantly smaller than 0minh . Third, the smallest 
separation distance, for which we could determine the interaction potential at c/c* = 0.8, i.e. the 
smallest distance the particles probe with a significant frequency is about the same distance at which 
the depletion potential has leveled off to less than 0.1 kBT, for both the small and the large particle. A 
similar behavior was observed for all other polymer concentrations. 
Further, the shift of the potential minimum position requires the presence of an additional repulsive 
contribution. This is illustrated by the vertical bars in the two figures, which are located at the position 
where the electrostatic potential becomes negligible. At these distances the electrostatic potential, as 
calculated with the parameters determined by the fit to the experimental curve obtained with cPEO = 0, 
has decayed to 0.1 kBT. However, the total repulsive contribution is ca. 6 kBT for the 5.7 μm particle 
and ca. 20 kBT for the 2.8 μm particle at the same positions. This shows that we have to account for a 
steric contribution to the total potential. The relative strength of the steric and the electrostatic 
repulsion changes with polymer concentration as will be discussed in detail in the following section. 
 88
The above considerations lead us to the conclusion that a feasible model for the description of the 
total interaction potential between the PS particles and the glass wall consists of a superposition of 
three contributions, i. e. an effective gravitational part, electrostatic repulsion and steric repulsion. To 
describe the steric repulsion, we chose the Alexander-de Gennes model for polymer brushes [10, 11]. 
This is justified by the observation, that it takes several hours of electrolyte solution flow to 
completely desorb the polymer from the particle and glass surfaces. On the time scale of our 
experiments it is therefore reasonable to regard the adsorbed polymers as grafted chains. 
Thus the model function, which we applied for the non-linear least squares fitting of the potential 
profiles, was 
( ) ( ) ( ) ( )tot G el brushh h h hφ φ φ φ= + + ,        (4.6) 
where the first two terms are given by equation 4.4 and the contribution of the polymer brushes is 
given by[41] 
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in the range 0 2 brushh H< ≤ . Were we used the fact that in the Derjaguin approximation [39] the 
potential between a planar surface and a sphere is twice as large as between two spheres of equal 
radius. For h ≤ 2a the interaction is infinitely repulsive and for h > 2Hbrush the brush repulsion 
vanishes. Here σ is the grafting density expressed as a number of brush chains per unit area. 
We note that the small deviations from the expected linear behavior of the potential at large 
distances are not captured by this model. Actually, the physical origin of these deviations is not clear. 
However, as we have shown for the case of the light force FL above, small contributions to the total 
potential at large distances do not influence the shape of the repulsive branch at small distances, which 
is the only one to be discussed in the following. 
 89
Results from model fitting. In figure 4.4 we show the experimental interaction potentials between a 
5.7 μm sphere and the glass wall for eight different PEO concentrations together with the best fits to 
the model function of equation 4.6. Because we had measured the potential profiles for all polymer 
concentrations with the same particle we fixed the parameter Geff in all fits to the value obtained from 
fit to the data obtained at cPEO = 0. The Debye length was fixed to κ-1 = 12.4 nm, which is the value set 
by the electrolyte concentration of the solvent, and the particles radius, which enters into the 
expression for the brush repulsion was fixed to a = 2.85 μm. Thus we were left with four adjustable 
parameters, i. e. the electrostatic charge parameter, B, the height of the polymer brush, Hbrush, the brush 
density σbrush and the minimum position 0minh . The latter was restricted to a range of ± 5 nm around the 
minimum position the experimental curves. 
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Figure 4.4. Interaction potentials, Δφtot(h), between a 5.7 μm diameter PS sphere and a glass wall. 
Symbols are experimental data obtained at different polymer concentrations are: ξ 0 g/L, ∃ 1.5·10-2 
g/L, 5 2.7·10-2 g/L, 8 4.1·10-2 g/L, Κ 8.2·10-2 g/L, Μ 1.7·10-1 g/L; ω 3.1·10-1 g/L; , 1.0 g/L. The solid 
curves are the best non linear least squares fits according to equation 4.6 with the parameters listed in 
Table 4.1. For clarity the individual curves have been shifted vertically by 2kBT with respect to the 
curve with the next lower polymer concentration. The vertical bars mark the most probable separation 
distance minh  obtained from the fit. Inset: minh  vs bulk polymer concentration cPEO. 
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The resulting values of the fit parameters are listed in Table 4.1. The confidence intervals of the 
individual parameters were obtained by varying one parameter while all others were fixed, until the 
mean square of the fit increased by thirty percent.  
Table 4.1. Parameters from the non-linear least squares fitting of equation 4.6 to the experimental 
interaction potentials, Δφtot(h), between a PS sphere and a glass wall; top part: 5.7 μm particle 
diameter; bottom part: 2.8 μm particle diameter. The parameters with an asterisk were kept fix. Values 
in parenthesis could be varied by more than 100 %, keeping the other parameters fix, without changing 
the quality of the fit. 
cPEO 
g/L 
Geff 
fN* 
κ-1 
nm* 
B 
kBT 
hmin 
nm 
Hbrush 
Nm 
σ 
nm-2 
0 
1.5·10-2 
2.7·10-2 
4.1·10-2 
8.2·10-2 
1.7·10-1 
3.1·10-1 
1.0 
88 
88 
88 
88 
88 
88 
88 
88 
12.4 
12.4 
12.4 
12.4 
12.4 
12.4 
(12.4) 
(12.4) 
12717±3000 
3473±800 
3891±600 
2479±1000 
1734±600 
960±900 
(5184±5184) 
(9617±9617) 
129±5 
126±7 
125±10 
148±15 
152±15 
164±20 
192±25 
220±15 
0 
(11±11) 
(23±23) 
117±5 
118±4 
122±3 
127±3 
137±2 
0 
(1.5·10-5±1.5·10-5) 
(9.8·10-6±9.8·10-6) 
6.1·10-6±5.0·10-7 
6.9·10-6±6.0·10-7 
7.7·10-6±4.0·10-7 
1.1·10-5±1.0·10-6 
1.4·10-5±5.0·10-7 
0 
1.0 
37 
37 
12.4 
(12.4) 
150±20 
(150±150) 
89 
243±20 
0 
148±5 
0 
1.8 10-5±1.0·10-6 
 
As a general trend we observed that the charge parameter, B, i. e. the strength of the electrostatic 
repulsion decreases with increasing cPEO. For the two highest polymer concentrations we have set B 
into parenthesis, because it does virtually not influence the quality of the fit. It could as well be 
increased by more than 100% as be set to zero (keeping the other parameters fixed) without changing 
the quality of the fit. That is, at these polymer concentrations the electrostatic repulsion is negligible 
and the parameter k-1 does not have any significance in this case. This is in agreement with our 
observation that the PS particle was stable even at an electrolyte concentration of 0.1 mol/L, as was 
discussed in section 4.3.A. 
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The opposite trend was observed for the brush repulsion. At the two lowest finite polymer 
concentrations the value of the brush density σ, can be chosen almost arbitrarily without changing the 
fit result. Accordingly the brush repulsion does not play a role at very low cPEO and the value of the 
brush height does not have any meaning. This is also reflected in the fact that the minimum position 
hmin is not significantly changed by the polymer concentration in this range. However at cPEO > 0.04 
g/L. the reliability of σbrush increases drastically, and the brush density increases monotonically with 
polymer concentration. The brush height follows the same trend. These findings indicate that, both the 
strength of the brush repulsion, which is determined by σbrush, and the range which depends on Hbrush, 
increase with the polymer concentration. This also explains the trend which the minimum position 
follows with cPEO. As brush repulsion becomes effective, hmin increases monotonically with polymer 
concentration. 
The highest cPEO we applied in the experiments with the large sphere is equal to the polymer 
concentration, which was used in the experiment on the temporal evolution of the potential profile 
with the small spheres (see section 4.3.A.). It is thus helpful to compare the results for the two sphere 
sizes. In the bottom part of Table 1 we listed the parameters for the interaction potential of the small 
sphere with the glass wall for zero polymer concentration and for cp/c* = 0.8. Also in this case we 
observe that the electrostatic repulsion at high polymer concentration is negligible. The parameters 
values for the brush height and the brush density are some what higher than, but still in reasonable 
agreement with those observed with the large sphere at the same polymer concentration. The high 
value of the minimum position in the potential from the small sphere is due to the reduced strength of 
the attractive contribution. Thus in both cases we observed a transition from a situation at low polymer 
concentration where the colloidal particle is stabilized mainly by electrostatic repulsion to a situation 
where the stabilization is due to steric repulsion alone. 
4.4. Discussion 
The experimental findings described above show that the influence of additional PEO on the 
interaction potential between a PS particle and a glass wall mainly consists in the introduction of an 
additional repulsive contribution, which can be described with the model for brush repulsion, while 
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polymer depletion appears to be negligible. This is in accordance with former publications, where 
depletion was not detected [17, 23, 25]. For instance, Klein et al. [17] and later Luckham et al. [25] 
studied adsorption and depletion processes in a solution of PEO using SFA; Braithwaite et al. [21] 
applied AFM to study steric interactions between adsorbed PEO layers. In none of these cases any 
attractive force was observed in the system. One might conjecture that the expected value of the 
depletion is smaller than the inherent detection limit of these techniques, although depletion was 
observed with AFM in different systems [19]. Moreover, Owen et al. [23] used optical tweezers, 
which enable the detection of forces in the pN—range, to measure interactions between two silica 
spheres immersed in a solution of PEO and found only a long-ranged steric repulsion. 
Anyhow, the negligible contribution of depletion interaction in our measurements appears to be 
unexpected at first glance, since even at full surface coverage the number of polymer chains which are 
adsorbed to the surfaces is negligible compared to their total number. Further, the potentials measured 
in the absence of polymer show a minimum position of 0minh  ≈ 130 nm for the 5.7 μm sphere, which is 
smaller than 2δ for the PEO used here. In an earlier contribution [36] we have shown that depletion 
interaction should be detectable under these circumstances, if it is larger than approximately kBT. 
Calculations show with equation 4.5 show that the latter criterion for the present polymer/ colloid 
system is met only for polymer concentrations cPEO ≥ 0.06 g/L (c/c* = 0.05). In this concentration 
range however the experimental value of hmin is significantly larger than 2δ and depletion interaction is 
not expected to be observable. On the other hand it might well be that the model of ideal monodisperse 
chains and hard impenetrable spheres, on which equation 4.5 is based, is not appropriate to describe 
depletion for the case of colloidal spheres with polymer chains attached to the surface. It is common 
understanding that depletion in this situation is much weaker than in the impenetrable sphere case due 
to the diffuse density profile at the outer side of the polymer layer, which is also verified by the 
simulations [42]. This would be an alternative explanation for the negligible depletion contribution in 
our system. However, as to our knowledge there is no theory for the depletion interaction between 
polymer covered particles. 
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Nevertheless, the absence of depletion interaction, we observed in the present system, is in 
contradiction to earlier work by Rudhardt and Bechinger et al. These authors report two experiments 
in which they find strong depletion interaction between PS spheres of different size and a glass wall in 
the presence of PEO. However, in the light of more recent developments of the theory of polymer 
depletion, at least the results of their first experiment [28] in which they measure the potential of a 3 
μm diameter sphere in presence of PEO chains with a radius of gyration of Rg = 101 nm may be 
questioned. The experimental potential profiles were analyzed using the Askura-Osawa-Vrij model, in 
which the polymers are approximated by freely overlapping spheres (FOS). Non-linear least squares 
fitting yielded r = 150 nm for the FOS radius. At that time Rudhartdt et al. conjectured that the radius 
of FOS does not necessarily have to be equal to Rg. However, model calculations with the more recent 
exact theory for depletion interaction [40], i.e. equation 4.5 shows that depletion is negligible under 
the reported conditions if the real value for Rg is used. It is therefore rather likely that Rudhardt et al 
observed polymer bridging rather than depletion. In their second paper [29] they investigated the 
potential of a 10 μm diameter sphere in presence of PEO chains with Rg = 68 nm. To overcome the 
huge gravitational contribution of this large sphere they reduced the density difference between the 
solvent and the sphere by mixing water with D2O, to obtain an effective weight of Geff = 10.3 fN. At 
the same time the sphere was extremely weakly charged, i. e. B = 4.8 kBT. This results in a 
comparatively weak electrostatic repulsion and a small value of 0min 40h ≈  nm. As the contact 
potential of depletion interaction scales with the radius of the particle it might well be strong enough to 
show up under these conditions, even if it is weaken by the presence of polymer chains adsorbed to the 
surfaces. On the other hand it can not be ruled out completely that the observed attraction is due to 
bridging also in this case, as we observe in the early stage of our experiments described in section 
4.3.A. Probably the effect of polymer bridging deserves much more systematic investigations, 
especially as there are analytical theories available nowadays to describe that effect [43]. 
4.5. Conclusions 
We measured the effect PEO on the interaction potential between a charge stabilized PS sphere and 
a glass wall with total internal reflection microscopy. The time evolution of the potential profile after 
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the addition of the polymer to the solution was followed directly using the scattered intensity 
fluctuations profile. An attractive bridging interaction was observed in the initial stage, which 
spontaneously transforms to a steric repulsion within several minutes at constant polymer 
concentration. An increase of the polymer concentration in the system causes the repulsive interaction 
between the sphere and the wall to strengthen and the most probable separation distance to become 
larger. At high polymer concentrations steric repulsion is strong enough to render electrostatic 
repulsion negligible. In this region it is possible to accurately describe the experimental data for the 
steric contribution to the total potential with the Alexander-de Gennes model for brush repulsion. 
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5. Interactions and two-phase coexistence in non-ionic 
micellar solutions as determined by static light scattering 
Abstract 
Aqueous solutions of m-oxyethylene-n-ether (CnEm) non-ionic surfactants have been studied by 
static light scattering as a function of temperature and concentration in the isotropic phase. The 
scattered intensity of these mixtures often exhibits a maximum as a function of surfactant 
concentration, the height of which increases with temperature. We propose semi-phenomenological 
expressions for the pair interaction potential in aqueous CmEn-solutions, which enable the 
quantitative description of the scattering behaviour for five different surfactant systems. From the 
interaction parameters obtained by non-linear least squares fit it is possible to calculate the two 
phase coexistence curve of the phase diagram. The calculated coexistence curves are in qualitative 
agreement with literature phase diagrams. 
5.1. Introduction 
Amphiphilic molecules have both hydrophilic and hydrophobic parts in their structure which leads 
to their special relation to internal and external surfaces in solutions. In order to minimize 
energetically unfavourable contacts between the hydrophobic parts and water, amphiphilic 
molecules adsorb onto macroscopic surfaces thereby reducing the surface tension. This feature has 
found a wide range of technological applications. Another way for amphiphilic compounds to 
minimize their energy in solution is self assembly [1]. Thus, surfactants, lipids, block-copolymers 
and proteins may associate into a variety of structures in solutions, such as micelles, inverted 
micelles, bilayers and bilayer vesicles. Micelles are the simplest of these structures, and the best 
understood, since many experimental techniques had been used to characterize them. Micelles can 
be used as good model systems for theories, as we also show in this chapter. Information gained 
from studying them provides the basis for understanding the more complex systems: bilayers and 
emulsions as well as self organization in general [2]. Figure 5.1 presents a schematic picture of a 
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Water
PEO - chains
Core of hydrocarbon segments
spherical micelle in water which can be simplified as consisting of a hydrophobic core and a 
hydrophilic corona. 
 
 
 
 
 
 
 
 
 
Figure 5.1. A schematic picture of a micelle from the CmEn–family in water solution. 
The phase behaviour of pure amphiphiles is quite complex; there is generally a sequence of phases 
intermediate between the solid and liquid states. As an example, in figure 5.2 we present the phase 
diagram of C12E8, a non-ionic surfactant of the m-oxyethylene-n-ether family (CmEn). At very low 
concentrations surfactant molecules exist in solution in the form of unimers. With an increase of the 
surfactant concentration beyond the critical micelle concentration (cmc) the surfactant molecules start 
to form micelles, L1 phase in figure 5.2. The micelles can have different shapes depending on the size 
ratio of their hydrophobic heads and hydrophilic tales (Israelachvili's rule of thumb [3]). The 
investigation of the micellar shape in isotropic solutions by scattering experiments has been of 
continuous scientific interest throughout the last few decades [4-15]. The number of the micelles 
grows with the concentration of surfactant and their morphology may change in the same direction. 
Once the concentration is high enough, the micelles can arrange themselves in a cubic lattice to form 
lyotropic liquid crystals. When the cubic lattice is built up of discrete aggregates it is called a 
discontinuous cubic phase, I1, in contrast to a bicontinuous cubic phase, V1. The bicontinuous cubic 
phase consists of a three-dimensional network. Two other lyotropic liquid crystalline structures can 
also be found in surfactant systems, the lamellar, Lα, and the hexagonal, H1. The hexagonal structure 
consists of long cylindrical micelles packed in a two-dimensional hexagonal pattern. The lamellar 
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structure consists of planar bilayers of surfactant molecules arranged in a smectic manner which is 
periodically stacked in one dimension. 
 
Figure 5.2. Phase diagram of the C12E8/water system: L1, micellar solution; I1, spherical micelle cubic 
phase; H1, hexagonal phase; V1, bicontinuous cubic phase; Lα, lamellar phase; S, solid surfactant; W, 
dilute aqueous surfactant solution [16]. Reprinted figure with permission from: Mitchell D J, Tiddy G 
J T, Waring L, Bostock T and Mcdonald M P 1983 J. Chem. Soc. Farad. Trans. I 79 975. Reproduced 
by permission of The Royal Society of Chemistry. 
The phase diagrams of all aqueous CmEn-surfactant solutions have a common feature: an upper 
miscibility gap at elevated temperatures where two liquid phases coexist (see figure 5.2). Above this so 
called cloud curve the solutions first become very turbid and then phase separate into two micellar 
solutions of different surfactant contents. For short chain CmEn, e.g. C6E4, C8E4 this liquid/liquid phase 
separation is the only feature of the phase diagram. These surfactants do not form lyotropic liquid 
crystals. 
A great effort has been dedicated to the accurate determination of the surfactants' phase diagrams in 
the temperature vs. composition plane [16-18]. In all studies it was observed that the intensity scattered 
from a surfactant solution at constant composition increases drastically with increasing temperature, 
i.e. on approaching the liquid/liquid coexistence curve. Furthermore, a complex concentration 
dependence of the long wave length limit of the scattered intensity I(Q → 0) (which is proportional to 
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the concentration-dependent structure factor at zero scattering vector, S(Q = 0)) was observed. For 
most of the systems investigated I(Q → 0) goes through a distinct maximum as a function of the 
micellar volume fraction. There are however systems where a monotonous decrease of S(Q = 0) is 
observed with increasing surfactant content at constant temperature. It was the matter of a long 
standing discussion, whether these effects are due to micellar growth, increasing attractive inter-
micellar interaction, or solely due to critical opalescence. In the earlier days most authors were taking 
up rather puristic positions. Several groups claimed that critical fluctuations dominate the scattering 
behaviour and that structural properties of the micelles are negligible [19-22]. On the other hand, 
Hayter et al. [9] and Zulauf et al. [23] interpreted small-angle neutron and light scattering experiments 
on aqueous C8E4 and C8E5 solutions using a model of spherical micelles with increasing attractive 
interaction, where micellar growth is excluded explicitly. Lindman and colleagues meanwhile insisted 
in a comment that non-ionic micelles grow with temperature [24]. However, NMR-studies by the same 
group demonstrated, there is no indication for micellar growth in the C8E4/water system [25]. 
In the 1980s there was already experimental evidence that different temperature-dependent 
phenomena can be observed in the same system. Thus, Cebula et al. interpreted small-angle neutron 
scattering data from C12E6 solution with a model of cylindrical micelles, growing in length with 
temperature [26], while Strey et al. found for the same system that globular micelles exist at low 
temperatures, which in turn transform into large aggregates at elevated temperatures, and finally, at 
even higher temperatures critical fluctuations dominate [27]. 
Due to improvements both in experimental instrumentation and interpretation [7] of small-angle 
neutron scattering data, Glatter et al. showed conclusively that both micellar growth and increasing 
attractive interaction have to be considered to describe the observed scattering data [8]. In that 
contribution it is pointed out that the importance of micellar growth varies with the relative length of 
the hydrophilic and the hydrophobic moieties. There are systems such as C12E5 which form cylindrical 
micelles throughout the entire temperature range, as well as systems which form spherical micelles at 
low temperatures that transform into cylindrical micelles on increasing temperature. The tendency to 
form cylindrical micelles decreases with increasing length of the hydrophilic chains at constant length 
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of the hydrophobic part (Israelachvili's rule of thumb [3]). Accordingly, C12E6 forms spherical micelles 
below 10 °C and cylindrical aggregates only at elevated temperatures. In those papers, it is shown, that 
micellar interaction leads to a solution structure factor, S(Q), which has to be considered in the data 
evaluation procedure. However, the authors make no attempt to further quantify the nature of the 
interaction. 
To this end there are only a few attempts in the literature towards a thorough description of the 
particle interaction. Schurtenberger and Cavaco used the expression from renormalization group 
theory for S(Q = 0) of polymers with excluded volume [28] to describe the light scattering data from 
cylindrical micelles quantitatively [29]. This model holds for CmEn-surfactants which form very long 
cylindrical micelles like C16E6 [12] or C12E5 [10]. Hayter et al. [9] proposed the combination of a short 
ranged attraction and a hard core repulsion potential. The authors chose a Yukawa-type attraction for 
mathematical convenience. This model has been not useful to predict the temperature dependence of 
the scattering intensity. However, it fails to correctly reproduce the measured concentration 
dependence of S(Q = 0). Another model which combines the repulsion of a hard core volume with a 
short ranged attractive potential is the Baxter sticky sphere model [30]. Although this model was 
applied with great success to oil swollen micellar systems [31, 32] it was, to our knowledge, not used 
for the description of binary CmEn/water solutions. 
From thermodynamics it follows that S(Q = 0) is related to the osmotic compressibility and hence 
represents the collective long wavelength limit behaviour of the system. Changes in S(Q = 0) reflect 
the many-body interactions between the micelles. Here we show that a proper equation of state, based 
on the pair interaction potential between the micelles allows the description of the experimental S(Q = 
0) data accurately and the prediction of the location of the liquid/liquid phase coexistence curve. We 
report on static light scattering data from five CmEn/water systems, two of which (C6E4 and C8E4) [25, 
33] are likely to form spherical micelles or anisometric micelles with low aspect ratio. Two other 
systems where chosen by doubling m and n (C12E8 and C16E8) and, finally, we chose a fifth in between 
these two sets, namely C10E8. The surfactants can be divided into two groups according to their 
scattering behaviour. The S(Q = 0) vs. volume fraction curves of the CmE4-group run through a 
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pronounced maximum, the height of which increases with temperature, while for the CmE8-group S(Q 
= 0) decreases monotonously with increasing volume fraction of micelles. From this fact it is 
immediately obvious that the two groups require different approaches for the micellar interaction to 
describe S(Q = 0) correctly. 
For the first (C6E4 and C8E4) set we designed a semi-phenomenological approach for the pair 
interaction potential which, like former approaches, contains the superposition of a repulsive and an 
attractive part. The repulsion consists of a hard core excluded volume term with an additional steric 
contribution and the attraction is described as a van der Waals term. Since it is rather involved to 
formulate interaction potentials for anisometric particles we choose to account for possible micellar 
growth, by rescaling the volume fraction with an effective micellar size and an effective aggregation 
number while still assuming spherical symmetry of the interaction potential. For the second group 
(C10E8, C12E8 and C12E8) we modified a Flory-Huggins-type description for the chemical potential and 
the osmotic pressure of cylindrical micelles such that we could calculate the osmotic compressibility, 
which is related to S(Q = 0). In both cases non-linear least squares fitting of the model expressions to 
the data allowed for the determination of interaction parameters, which in turn were used to calculate 
the two-phase coexistence curves of the phase diagrams. In both cases the experimental and the 
calculated coexistence curves agree well. 
5.2. Theoretical models 
5.2.A. Interaction and equation of state of spherical micelles 
Figure 5.3 shows the micelles which are modelled as consisting of spherical hydrophobic cores with 
volume Vs, which interact via an attractive van der Waals potential φvdW , and a hydrophilic corona, 
which acts as a polymer brush of height Hbrush that stabilizes the micelles against aggregation via steric 
brush repulsion φbrush. Apart from the excluded volume interaction we assume that these two 
contributions dominate within the system. 
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Figure 5.3. A schematic picture of micelles modelled as consisting of a spherical hydrophobic core 
with the radius a and a hydrophilic corona with the height Hbrush. 
Jansen et al. [34] considered these interactions to interpret the phase behaviour of sticky sterically 
stabilized silica spheres, where they applied the Percus-Yevick expression [35] for the excluded 
volume contribution. As the Carnahan-Starling [36] approach yields a more accurate results for hard 
spheres [37], we followed the procedure by Vrij et al. [38] who used the Carnahan-Starling-van der 
Waals equation of state for the description of spherical microemulsions. 
( )
2 3
2
3
1
1
s
B
V
k T
Π + η + η − η= η − γη− η         (5.1) 
where η is the micellar volume fraction. On the right-hand side, the first term represents the 
contribution of the hard sphere excluded volume according to Carnahan-Starling, and the second term 
incorporates all non-hard sphere interactions. Comparison of the volume fraction expansion of 
equation 5.1 up to second order 
( )(1 4 ...)s
B
V
k T
Π = η + − γ η +          (5.2) 
with a simple general virial expansion 
2(1 ...)s
B
V B
k T
Π = η + η           (5.3) 
shows that the van der Waals parameter γ can be identified as 4 – B2. Here B2 is the normalized second 
osmotic virial coefficient, which follows from statistical mechanics as 
2
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2 ( ) ( 2 ) 1- exp - ,tot
s B
rB r a dr
V k T
∞ ⎡ ⎤⎛ ⎞π φ= + ⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦∫        (5.4) 
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where r is the center-to-center distance between two particles. The corresponding expression for γ is 
2
2
2 ( ) exp 1tot
s Ba
rr dr
V k T
∞ ⎡ ⎤⎛ ⎞π φγ = − −⎢ ⎥⎜ ⎟⎝ ⎠⎣ ⎦∫        (5.5) 
where a is the particle radius and the interaction potential is infinitely repulsive for 0 ≤ r ≤ 2a. In the 
superposition approximation we write φtot(r) = φvdW(r) +  φbrush(r) with 
2 2 2 2
2 2 2 2
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r A a a r a
k T r a r r
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      (5.6) 
where AH is the Hamaker constant [39]. As the van der Walls attraction diverges at contact, we 
introduced a cut-off at r = 2a +a·10-2. According to the Alexander-de Gennes theory [40, 41], the brush 
repulsion in the Derjaguin approximation can be written as [42] 
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The brush height, Hbrush, is related to the contour length, Lc, of the corona chains, the surface area 
fraction they cover, θ, and the normalized excluded volume of the segments, ν, by 
1
3
2
8 .brush cH L
νθ⎛ ⎞= ⎜ ⎟π⎝ ⎠           (5.8) 
Here the covered area fraction θ is dimensionless. It is given by 2( / 2)brush cdθ = σ π  where 2c(d /2)π  
is the surface area covered by a single segment and σbrush is the grafting density expressed as the 
number of brush chains per unit area. The brush repulsion is a temperature-dependent interaction 
potential, since the normalized excluded volume per segment is related to the Flory-Huggins parameter 
as 1 2ν = − χ , which for PEO chain depends on temperature by χ(T) = 6.2528·10-3T – 0.085485 [43], 
where T is the temperature in °C. 
The long wavelength limit of the solution structure factor S(Q = 0) is proportional to the inverse of 
osmotic compressibility, and can be easily calculated as the derivative of equation 5.1 
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Using the Carnahan-Starling-van der Waals equation of state (equation 5.1), expressions can be 
derived for the chemical potential, μ, and the Helmholtz free energy / /B s Bf k T V k T≡ ημ + Π , 
where /s Bf FV k TV≡  is the Helmholtz free energy, F, normalized with kBT, the volume of a single 
sphere, VS, and the total volume of the system, V. From the equation of state follows the normalized 
Helmholtz energy 
( )
3 2
2
3
4 3ln .
1
f η − η= η η − η + − γη− η         (5.10) 
If γ is known, equation 5.10 can be used to numerically calculate the location of the two-phase 
coexistence curve from the conditions 1 2μ = μ  and 1 2Π = Π  [44]. Here μj and Πj represent the 
chemical potential and the osmotic pressure of the spheres in phase j. 
5.2.B. Interaction and thermodynamic properties of cylindrical micelles 
Rupert [45] proposed that micellar CmEn systems could be described using a modified Flory-
Huggins model. He suggested an analogy between a cylindrical micelle and a polymer chain (see 
figure 5.4). Each surfactant molecule in a micelle represents a segment in a polymer chain and the 
number of segments per chain, N, then automatically represents the micellar aggregation number. 
 
Figure 5.4. A schematic picture of a cylindrical micelles; analogy with a polymer chain. 
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The chemical potential of the water molecules, μw, then reads: 
0 21ln(1 ) 1 ,w w wm
RT
N
⎡ ⎤⎛ ⎞μ = μ + − η + + η + χ η⎜ ⎟⎢ ⎥β ⎝ ⎠⎣ ⎦       (5.11) 
where 0wμ  is the chemical potential of water in pure water, β is the ratio of the volume of a surfactant 
molecule to the volume of a solvent molecule (water), and χwm is the Flory-Huggins interaction 
parameter between micellar surfactant molecules m and water molecules w, consisting of enthalpic, 
Hwm, and entropic Swm components: 
.wm wmwm
S H
R RT
χ = −           (5.12) 
The osmotic pressure of the micelles in a Flory-Huggins approach follows from 
0
w w wΠν = μ + μ           (5.13) 
so, 
( ) 1Π ln 1 1 .w wmRTβ N 2
⎡ ⎤⎛ ⎞ν = − − η + + η + χ η⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦       (5.14) 
The first derivative of the osmotic pressure /∂Π ∂η  follows as 
1 1 1 2 .
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w
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RT
N
⎡ ⎤∂Πν = + − − χ η⎢ ⎥∂η β − η⎣ ⎦        (5.15) 
As in section 5.2.A. we calculate S(Q = 0), from the osmotic compressibility which for our case yields 
1
1 1( 0) 1 2 .
1 wm
S Q
N
−⎡ ⎤= = β + − − χ η⎢ ⎥− η⎣ ⎦        (5.16) 
Note that for η → 0, S(Q = 0) approaches βN and can thus be used to determine the molar mass in the 
limit of infinite dilution. In the case of stronger attractions, which means higher temperatures for CmEn 
systems, χwm increases, so that the structure factor is expected to increase in such a case. Above about 
χwm = 0.5 one expects demixing into two phases. The coexistence curve can be calculated, if χwm is 
known, since the chemical potential of the micellar particles follows from Flory-Huggins theory as 
0 2ln( ) (1 )(1 ) (1 ) ,m m wmRT N N⎡ ⎤μ = μ + η + − − η + χ − η⎣ ⎦      (5.17) 
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and the location of the coexistence curve is determined by the requirement that the chemical potential 
of each component is equal in both phases, i.e. ,1 ,2m mμ = μ  and ,1 ,2w wμ = μ . 
5.3. Experimental 
5.3.A. Samples and preparation 
The surfactants were obtained from Sigma-Aldrich Co., Germany with a quoted purity of 98% and 
used without further purification. As a solvent we used ultrapure Milli-Q water (resistivity better than 
18.2 MΩcm-1; Millipore GmbH, Germany) for all experiments and cleaning steps. Aqueous solutions 
of the surfactants were prepared by weight and filtered three times (Rotilabo®-Spritzenfilter, Nylon, 
0.45 μm; Carl Roth GmbH+Co., Germany). The concentrations used for data evaluation were 
corrected with critical micellar concentrations (cmc) using the literature values [46]. All surfactants 
concentrations used in the measurements were much higher than cmc and belong to the isotropic 
region. 
5.3.B. Light scattering 
Measurements were performed with two different setups. Firstly, a commercial ALV instrument 
(ALV-Laservertriebsgesellschaft, Langen, Germany) for simultaneous static and dynamic light 
scattering, which has been described in detail [10] and secondly, a home-built scattering setup which 
was optimized for static scattering experiments. The latter applying the same optical path as the 
classical Fica instruments [47]. As light sources we used an Ar-ion laser at λ = 488 nm, type Innova 
70-2 from Coherent with the ALV instrument, and a mercury lamp at λ = 546 nm (Oriel) with the 
home-built setup. 
Averaged scattered intensities were recorded in an range of scattering angles 30 ≤ θ ≤ 150 which 
corresponds to a range of scattering vectors, 4 / sin( / 2) /Q n= π θ λ , 8·104 cm-1 < Q < 3·105 cm-1 
varying with the wavelength and the index of refraction, n. The raw data were brought to absolute 
scale in terms of the so called Raleigh-ratio R(Q) applying standard procedures [48] and using p.a. 
grade toluene as a reference scatterer. The latter was also used to check the alignment of the 
 108
instruments, and it was always found that the scattered intensity from pure toluene was constant within 
±3% over the whole angular range when normalized to the scattering volume. Since the intensity 
scattered from the solvent was very small in comparison with the intensities scattered from solutions it 
could be neglected for calculation of the Raleigh ratio. The scattering contrast 
2 2 2 44 ( / ) /( )solv AK n c n N= π ∂ ∂ λ  was calculated from the refractive index increments, ( / )n c∂ ∂ , 
published by Matsumoto [49] at 298 K. For other temperatures ( / )n c∂ ∂  values were interpolated 
from the data given by Balmbra [50]. The temperature dependence of the refractive index of the 
solvent has been accounted for using an appropriate expression from literature [48]. 
The Raleigh-ratios were detected for each solution and converted into values of / ( , )Kc R Q c  at 
fixed concentration c. These were plotted vs. Q2 and approximated with a linear least squares fit. The 
linear extrapolation yields as the intercept a quantity which is usually referred to as the inverse 
apparent molar mass, 0lim / ( , ) 1/Q appKc R Q c M= , with Mapp = Mw·S(Q = 0) where Mw is the mass-
averaged molar mass of the solute particles. The concentration dependence of Mapp at fixed 
temperature was fitted with the theoretical expression derived in sections 5.2.A. and 5.2.B., with Mw = 
Mmono·N as a floating parameter, where Mmono is the molar mass of the monomeric surfactant. 
5.4. Results and discussion 
5.4.A. Experimental findings 
The concentration dependence of the scattered intensity from solutions of C6E4 recorded at 283 K 
perfectly follows the Carnahan-Starling prediction for hard spheres [36], i.e. equation 5.9 with γ = 0 as 
is shown in the inset of figure 5.5, where we have plotted Mapp vs. c. However, at higher temperatures 
these curves show a pronounced maximum at c > 0.1 g/mL, the height of which increases with 
increasing temperature. This behaviour can be phenomenologically interpreted as the balance between 
an attractive interaction which causes the scattering intensity to increase with increasing concentration 
and the repulsive hard core interaction potential which dampens density fluctuations with increasing 
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concentration. At high concentrations the repulsive part dominates and the scattered intensity 
decreases with increasing concentration. 
 
Figure 5.5. Static light scattering data from solutions of C6E4 in water as Mapp vs. c (symbols) recorded 
at temperatures as indicated in the legend. The dotted lines are linear least square fits to the data with 
equation 5.18 and the full lines are fits with equation 5.23. Inset: symbols are SLS data recorded at 283 
K. The full line is the best fit with the Carnahan-Starling expression for hard spheres. 
As a first attempt we fitted the experimental data with S(Q = 0) according to equation 5.9 with γ as 
the only fitting parameter. To account for the increasing intercept we used the aggregation number of 
the micelles, N, as an additional parameter, which eventually yields 
( 0).app monoM NM S Q= =          (5.18) 
Here Mmono is the molar mass of the surfactant. In figure 5.5 we have plotted experimental Mapp vs. c 
data together with the best fits from equation 5.18. For the calculation of the fitting curves the 
experimental concentrations were converted to volume fractions by dividing c by an effective density 
of 1 g/mL. Equation 5.18 yields very good fits to the experimental data for all temperatures. However, 
it turns out to be a coincidence that, in as far as the maximum position of the calculated Mapp vs. c 
curves inevitably approaches a value of c = 0.13 g/mL with increasing temperature. In this respect the 
model is not appropriate to fit the data from other surfactant systems. As an example we show the 
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experimental data from aqueous C8E4 solutions in figure 5.6 where the maximum position of the 
experimental Mapp vs. c curves occurs significantly below 0.1 g/mL. 
 
Figure 5.6. Static light scattering data from solutions of C8E4 in water as Mapp vs. c (symbols) recorded 
at temperatures as indicated in the legend. Inset: symbols are SLS data recorded at 283 K. The full 
lines are fits with equation 5.23. 
This discrepancy can be accounted for, if we allow for a slight anisometry of the micellar shape by 
converting the experimental surfactant mass concentration, c, properly into the micellar volume 
fraction, η, which is used as the independent variable in the fitting function. Both quantities are related 
to the number density of the monomeric surfactant, Ń /surfN V= , by 
Ń mono
A
m Mc
V N
= =           (5.19) 
and 
34
Ń .
3
effmic aV
V N
πη = =           (5.20) 
Here we applied a power law 
0N N
ν= η            (5.21) 
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to account for micellar growth with concentration. Accordingly, the effective radius has to scale with 
concentration as / 30effa a
ν= η . Consequently, the volume fraction is related to mass concentration by 
34
Ķ,
3
eff A
mono
a N
c c
NM
πη = ≡           (5.22) 
where NA is Avogadro's number. Introducing equation 5.22 into equation 5.9 and 5.18 yields 
12 3
4
(1 2 Ķ) ( Ķ) ( Ķ 4) 2 Ķ .
(1 Ķ)app mono
c c cM NM c
c
−⎡ ⎤+ + −= − γ⎢ ⎥−⎣ ⎦
     (5.23) 
as the final model function, where the particle radius has to be replaced by aeff in the expression for γ 
and the aggregation number follows from equation 5.21. Note that Ķ-1 has the dimension of a density, 
which accounts for the necessary conversion from experimental concentrations to volume fractions. 
The full lines in figure 5.5 and 5.6 have been obtained by non-linear least square fitting of equation 
5.23 to the experimental data where N0, a0, the Hamaker constant, AH, dc, and Lc were the floating 
parameters. From the fitting parameters, which are listed in Table 5.1, we calculated the effective pair 
interaction according to equations 5.6 and 5.7. The resulting interaction potentials between two C6E4 
micelles at three selected temperatures are depicted in figure 5.7. The corresponding potentials for the 
C8E4-system are shown in figure 5.8. 
Table 5.1. Parameters from the non-linear least squares fitting of equation 5.23 to the experimental 
Mapp vs. c data of CmE4 surfactants in aqueous solution. The brush heights Hbrush in the last column 
were calculated for the compositions at the minima of the coexistence curves. 
C6E4 
T/ °C N0 a0/ nm ν AH/ kBT Lc/ nm dc/ nm2 Hbrush/ nm 
10 34 1.59 0 0 0.74 0.31 0.31 
30 58 1.83 0 0 0.53 0.26 0.19 
40 62 1.87 0 0.59 0.43 1.4 0.1 
50 100 2.18 0.015 0.63 0.17 0.28 0.06 
55 219 2.89 0.15 0.65 0.12 0.15 0.03 
58 393 3.53 0.18 0.68 0.044 0.01 2·10-3 
60 587 4.01 0.15 0.70 0.019 0.027 7·10-3 
C8E4 
 112
15 232 3.51 0.94 0.24 1.12 0.08 0.19 
20 341 4.00 1.14 0.31 1.07 0.09 0.20 
25 498 4.62 1.09 0.33 0.89 0.11 0.19 
30 2266 8.26 0.96 0.54 0.33 0.39 0.17 
35 4811 10.88 0.57 0.58 0.20 0.04 0.023 
37 6687 12.22 0.65 0.60 0.01 0.03 1·10-3 
38 10671 14.47 0.68 0.67 0.009 0.68 0.026 
 
 
Figure 5.7. Pair interaction potentials in aqueous C6E4 solution at temperatures as indicated in the 
legend. The curves were calculated using the fit parameters from Table 5.1 and the equations 5.6 and 
5.7. 
As already mentioned, the scattering data from the C6E4 solutions at low temperatures can be 
described by the Carnahan-Starling equation for hard spheres (equation 5.9 with γ = 0, see inset of 
figure 5.5). Accordingly, the interaction potential obtained from the fitting with equation 5.23 is zero 
down to contact at low temperature. With increasing temperature, attractions set in and the Hamaker 
constants attain finite values, which increase slightly with temperature. The corresponding van der 
Waals attraction given by equation 5.6 is sufficient to cause a minimum in the interaction potential of 
significant depth. The range of this well is only a few percent of the particle diameter. For the C8E4-
system we find a pronounced maximum in the Mapp vs. c curve even at the lowest experimental 
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temperature as is shown in the inset of figure 5.6. In this case, the interaction potentials show an 
attractive well at all temperatures, which increases in depth and range with increasing temperature. 
 
Figure 5.8. Pair interaction potentials in aqueous C8E4 solution at temperatures as indicated in the 
legend. The curves were calculated using the fit parameters from Table 5.1 and the equations 5.6 and 
5.7. 
A qualitatively different scattering behaviour is observed for the group of CmE8-systems. In all cases 
the S(Q = 0) vs. c-curves decrease monotonically with increasing concentration. In the case of the 
C10E8-solutions, the scattering data could be by force fitted with equation 5.23 (dotted lines in figure 
5.9), which was however, impossible for the C12E8- and C16E8-data. Since these systems show an 
increasing tendency to form cylindrical micelles, we fitted these data with equation 5.16. We applied a 
routine, which fitted the data sets collected at different temperature simultaneously, using β as a global 
parameter, while N and χwm were optimized locally. The experimental data and the resulting best fit 
curves are shown in figures 5.9 through 5.11 and 5.12 and the fitting parameters are listed in Table 5.2. 
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Figure 5.9. Static light scattering data from solutions of C10E8 in water as Mapp vs. c (symbols) 
recorded at temperatures as indicated in the legend. The full lines are fits with equation 5.23. 
5.4.B. Fitting parameters and coexistence curves 
The fitting parameters listed in Table 5.1 can be divided in two groups, one of which (a0, N0 and ν) 
describes the dependence of the micellar size on temperature and concentration, while the other set 
(AH, Lc and dc) reflects the variation of the interaction potential with temperature. 
For both CmE4 surfactants, micellar growth occurs with increasing temperature, although it is much 
more pronounced for the C8E4 system. This is reflected in the temperature dependence of the 
parameters a0 and N0. Furthermore the parameter ν, which is a qualitative measure for the tendency of 
the micelles to grow with surfactant concentration, is much larger for C8E4. This is in accordance with 
Israelachvili's concept of packing parameters [3] according to which the tendency to form cylindrical 
micelles increases if the volume of the hydrophobic tail increases at a constant size of the hydrophilic 
head group. 
The fitted values for the Hamaker constant AH and the contour length Lc of the brush chains also 
have a very clear temperature dependence. Whereas, there is no such trend to be observed for the 
cross-sectional diameter, dc, of the chains. However, the quality of the fits is least sensitive to this 
parameter. Some test calculations show that changing dc by even an order of magnitude does not 
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change the results significantly, if the Hamaker constant AH > kBT/3. The latter increases continuously 
with temperature leading to an increasing attractive interaction, while the brush repulsion is weakened 
with increasing temperature. This is reflected in the temperature dependence of Lc and the resulting 
brush height Hbrush which both decrease by orders of magnitude when the system approaches the 
coexistence curve. As shown in section 5.2.A. the location of these curves can be calculated from 
equation 5.10. For this purpose we calculated γ(c) at the experimental temperatures and extrapolated 
these data to higher temperatures at constant c. In figure 5.10 the coexistence curves calculated with 
the extrapolated γ values are shown together with the experimental data by Schubert et al. [17]. It is 
evident that the calculated curves match the experimental data very well, even in the vicinity of the 
critical point. 
 
Figure 5.10. Liquid/liquid coexistence curves of aqueous CmE4 solution. Symbols are experimental 
data [17] and the full line are calculated using the fit parameters from Table 5.1 and the equation 5.10. 
This very encouraging result motivated us to test the model with other surfactants. As a first choice 
we took C12E8 and C16E8, as these surfactants should, according to their chemical composition, have 
the same size ratio between their hydrophobic and hydrophilic moieties as the investigated CmE4 
surfactants. Accordingly, one would expect to find a rather similar micellar shape and probably also 
similar interaction potentials. However, as can be seen from figures 5.11 and 5.12 the scattering 
behaviour is completely different from that of the shorter homologous surfactants. 
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Figure 5.11. Static light scattering data from solutions of C12E8 in water as Mapp vs. c (symbols) 
recorded at temperatures indicated in the legend. The full lines are fits with equation 5.23. 
Very recent literature data on C16E8 suggest that this surfactant forms cylindrical micelles [15], and 
we therefore chose to fit the scattering data by equation 5.16, which is based on the analogy between 
cylindrical micelles and polymers. Furthermore, we tried both approaches for the C10E8-system, which 
we expected to form aggregates in the intermediate range between long cylindrical and spherical 
micelles. As shown in figure 5.9 the experimental scattering data from C10E8 solutions can be by force 
fitted with equation 5.23. However, the resulting interaction parameters would lead to a coexistence 
curve with a critical point which lies far above 100 °C. This implies that the model does not match the 
physical reality, and that the parameters from the cylindrical micelles model shall be discussed for all 
three CmE8 systems. 
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Figure 5.12. Static light scattering data from solutions of C16E8 in water as Mapp vs. c (symbols) 
recorded at temperatures indicated in the legend. The full lines are fits with equation 5.23. 
Table 5.2. Parameters from the non-linear least squares fitting of equation 5.16 to the experimental 
Mapp vs. c data of CmE8 surfactants in aqueous solution. 
C10E8 
T/ °C 20 40 50 60 65 
β 1.80 
N 38 43 47 59 90 
χwm 0.01 0.23 0.35 0.48 0.48 
C12E8 
T/ °C 20 40 50 60 65 
β 2.48 
N 88 90 113 332 493 
χwm 0.32 0.41 0.49 0.50 0.51 
 
C16E8 
T/ °C 20 30 40 45 50 53 
β 9.21 
N 26 38 328 789 2326 3845 
χwm 0.21 0.32 0.37 0.39 0.41 0.42 
 
 118
It can be seen from Table 5.2 that the parameter β, which is a measure of the size ratio of a 
surfactant molecule to a water molecule, increases with the chain length of the surfactant. In all three 
cases we observe a similar trend for the dependence of N and χ on temperature. The parameter N 
increases with temperature, indicating an increase of the aggregation number, i.e. the length of the 
cylindrical micelles. This growth is more pronounced the longer the surfactant molecule is, which 
again illustrates that the tendency to form cylindrical structures grows with increasing length of the 
hydrophobic tail. In all three cases the χwm parameter approaches a value of χwm ≈ 0.5 above which 
liquid/liquid phase separation occurs at large N. 
The location of the liquid/liquid coexistence curves of the CmE8 solutions was calculated using 
equation 5.17. The results are plotted in figure 5.13 together with literature data for the corresponding 
critical points. The coexistence curves become increasingly narrow and their critical points shift 
towards lower surfactant concentration and lower temperature with increasing m. This general trend is 
in accordance with the coexistence curves as approximated by Inoue et al. [51]. These authors 
neglected the chemical potential of the surfactant in the dilute phase which makes the calculation of 
the coexistence curves inaccurate at least near the minimum of the curve. We find that our calculated 
critical points agree increasingly well with the experimental data [46] on passing from C10E8 to C16E8. 
This shows that the theoretical model describes the behaviour of cylindrical C16E8 micelle reasonably 
well, while the agreement becomes worse for the shorter chain surfactants. This is to be expected since 
the theory is designed for very long cylindrical micelles. 
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Figure 5.13. Liquid/liquid coexistence curves of aqueous CmE4 solution. Symbols are experimental 
data [46] and the full line are calculated introducing the fit parameter from Table 5.2 into the equation 
5.17. 
5.5. Conclusions 
We have presented scattering data from two sets of micelles, CmE4 and CmE8, which exhibit 
completely different scattering behaviour. The CmE4 systems can be very well described by a model of 
spherical or nearly spherical micelles interacting via an attractive van der Waals potential and a 
stabilizing repulsive brush potential in addition to a hard core excluded volume interaction. On the 
other hand the behaviour of the members of the CmE8 family can not be described by this model even 
though the investigated CmE8 surfactants have exactly twice the chain length of the CmE4 surfactants. 
The CmE8 systems could however be described with a model of cylindrical micelles interacting via an 
effective excluded volume between the surfactant molecules following a modified Flory-Huggins 
theory. This leads us to conclude that not only the relative sizes of hydrophobic to hydrophilic moiety 
have an influence on the micellar shape, but also the absolute chain length plays an important role. We 
have demonstrated that we can accurately predict the liquid/liquid coexistence curves of CmEn 
solutions from scattering data for systems which contain micelles that are sufficiently close to a 
spherical shape. In the transition regime between spherical micelles the agreement between 
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experimental data coexistence curves deduced from scattering data is less accurate. However, in the 
second limiting case of very long cylindrical micelles we find again an excellent agreement. 
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6. Synthesis of colloidal particles with a low refractive 
index for microscopic purposes 
Abstract 
Here we present the synthesis of fluorinated core-shell particles with a fluorescently labelled core and 
a non-labelled shell. The cores were prepared by emulsion copolymerization of fluorinated butyl 
methacrylate with the fluorescently labelled methacrylate and were used as seeds in seeded growth 
polymerization of fluorinated butyl methacrylate to form the non-labelled shell. The polymerization 
was carried out in a continuous aqueous phase in the presence of potassium persulfate and sodium 
bisulphate as initiators, and SDS surfactant molecules. Surface and bulk characterizations of the 
particles were performed by several methods such as transmission electron microscopy, dynamic light 
scattering, photospectroscopy, and zeta potential measurements. The low refractive index of the 
particles (n = 1.37) enabled an easy index matching in aqueous solutions. Thus, such refractive index-
matched aqueous suspensions of core-shell colloidal particles can be used to study a variety of 
fundamental problems (e.g. surface crystallization) using confocal scanning microscopy and are of 
particularly wide interest for studies performed in biological systems. 
6.1. Introduction 
Confocal microscopy is a technique widely used in biology and medicine [1]. Its use in colloidal 
systems is a relatively recent development inspired by the discovery that monodisperse colloids could 
mimic many of the phases seen in atomic systems [2]. Since then colloids have been intensively used 
to characterize or mimic many aspects of atomic and molecular liquids. While the latter are difficult to 
study in real space and time because of their small sizes and fast time scales, colloidal systems are, in 
contrast, very suitable for direct studies. Confocal microscopy enables investigations of both the 
dynamics and structure of colloids in real space and real time. Thus, a wide variety of important issues 
can be studied such as: crystal nucleation and growth [2-4], melting [5], glass transition [6] and real-
space colloidal dynamics [7]. With confocal microscopy the particles can be tracked spatially in three 
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dimensions with great precision over large time scales [8]. This became possible due to image-analysis 
algorithms which can the locate positions of thousands of particles separated by distances slightly 
larger than their particle diameter [9]. 
Despite the progress reached in recent years in image analysis, it is still not an easy task to find a 
good model system for confocal microscopy. This is why fluorescent systems have been developed 
that incorporate fluorescent dye. However, the technique places high demands on the dye introduced 
into or on the colloids. One of the problems here is the tendency for fluorescent dyes to photobleach 
after prolonged laser excitation, which can seriously complicate the image analysis later. Further, it is 
important for precise image analysis that the fluorescent particles are separated by a distance larger 
than the resolution of the microscope, which could be difficult in concentrated colloidal suspensions. 
The situation can be significantly improved by using the core–shell particle morphology. If the particle 
consists of a fluorescent core and a non-fluorescent shell then only the fluorescent core will be visible 
which makes the analysis easier. 
There are three common ways to couple fluorescent dyes into the colloidal latex particles. Firstly, 
previously synthesized particles can be swelled by an organic solvent so that fluorescent dye can 
diffuse and be entrapped in them [10]. Secondly, the fluorescent dye can be chemically coupled to 
monomers and the dyed monomers copolymerized with non-dyed monomers to form fluorescent 
particles [11-13]. Thirdly, the fluorescent dye can be dissolved in the reaction mixture and directly 
incorporated into PMMA particles through dispersion polymerization [14-17]. The first and the third 
methods are processes of physical adsorption and the second method is a chemical process. Here we 
describe the synthesis of core-shell particles with a fluorescently labelled core and a non-labelled shell. 
The dye was chemically coupled into the particles, i.e. we applied the second method of the dye 
incorporation. 
We synthesized particles with low refractive index, which are highly charged and stable in water. 
Their extreme stability can be explained by: i) the reduced van der Waals attraction (due to a low value 
of the Hamaker constant (see equation 3.14), which is proportional to the refractive index difference 
Δn between the colloids and the solvent [18]) and ii) the charges present at their surface. These 
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particles are very suitable for studies requiring high concentrations of colloids, such as for example 
crystallization, due to their low refractive index and consequential reduced scattering. There is a big 
lack of such systems that can be used for microscopic studies of concentrated colloidal suspensions in 
water and are particularly useful to study different processes in biological systems (e.g. solutions of 
viruses, filaments, etc.) where aqueous solutions are an inevitable requirement. To obtain colloids with 
a refractive index close to that of water we chose fluorinated butyl methacrylate (n = 1.33 [19]) as a 
monomer. An improved procedure of emulsion polymerization was suggested by Koenderink et al. 
[19] to obtain monodisperse fluorinated latexes with a possibility to increase the size of the colloids up 
to 1.5 μm using repeated seeded growth. We modified this method to obtain the fluorescent particles. 
As a dye component we used 4-methylaminoethylmethacrylate-7-nitrobenzo-2-oxa-1,3-diazol (NBD-
MAEM) synthesized as described by Bosma et al. [11]. It was copolymerized with the fluorinated 
butyl methacrylate to obtain fluorescent core-particles with a low refractive index (n = 1.37), which 
were, further, used as seeds in seeded growth polymerization of fluorinated butyl methacrylate, which 
formed the non-labelled shell. We used transmission electron microscopy, dynamic light scattering, 
photospectroscopy, and zeta potential measurements to characterize the synthesized colloids. The 
particles obtained were found to have low polydispersity and able to crystallize. 
This chapter is organized as follows: in section 6.2 we present our motivation for synthesizing the 
fluorinated fluorescent particles. In section 6.3 experimental details about the synthesis are given, 
followed by the description of the particle properties and their possible applications in section 6.4. 
Finally, we give our conclusions in section 6.5. 
6.2. Motivation: wall effect in colloidal systems 
Interfaces represent regions in which the symmetry of the particle interaction field is severely 
perturbed. In solid state chemistry it is well established that minimization of the surface free energy 
may cause a spontaneous reconstruction of the structure in the outermost layers of a crystal [20]. It was 
only in the last two decades that similar effects have been observed in ordered soft condensed matter 
systems [21]. We would like to investigate the near wall phase behaviour of colloidal spheres which 
interact via depletion forces. In order to understand this phenomenon on a microscopic basis it is 
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necessary to obtain a quantitative picture of the interaction potential of the colloidal particles with the 
interface. Using Total Internal Reflection Microscopy (TIRM), the technique described in detail in 
chapter 2, it is possible to measure directly the interaction potential between a single colloidal particle 
and a solid wall, thus, among others, depletion interactions can be measured. Then, on the basis of the 
obtained interaction potentials, information about the phase behaviour at the surface can be obtained 
and compared with microscopic observations. 
It is well known, due to the simulations [22] and experiments [23, 24], that the presence of walls 
changes the phase behaviour of colloids, for example, facilitating crystallization. Surface crystals form 
because of the enhanced concentration of spheres along the wall which is caused by the larger 
potential well near the wall. One can easily understand this for particles interacting via depletion 
interactions. Figure 6.1 presents the depletion interaction between: a) two spherical colloids immersed 
in a polymer solution and b) a sphere and a wall in a polymer solution. If the depletion layers overlap, 
the depletion interaction equals the product of the overlap volume per unit area, A, 
/ 2overlapV A hδ= − , and the osmotic pressure, Π. Thus, the depletion potential between two parallel 
plates per unit area can be written as: 
    2 .A
0                   2
overlap
depl
V
for h
for h
δφ
δ
Π⎧− <⎪= ⎨⎪ >⎩
        (6.1) 
Applying the Derjaguin approximation (see chapter 1) to the equation 6.1 we can calculate the 
depletion potential between a sphere with a radius a and a wall, 
, 2    (  2 )depl sphere plate p overlapa V for hφ π δ− = − Π < , and the potential between two spheres, 
,    (  2 )depl sphere sphere p overlapa V for hφ π δ− = − Π < . The potential of the particle near the wall is nearly 
twice as deep as the potential between two particles. Thus, a change in the interaction potential leads to 
the significant differences in the colloidal phase behaviour at the wall. 
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Figure 6.1. Schematic picture of depletion interaction between: a) two spherical colloids immersed 
in a polymer solution and b) a sphere and a wall in a polymer solution. 
The attractive depletion interaction causes the rich phase behaviour of colloid-polymer mixtures. 
However, the depletion mechanism is not limited to colloid-polymer mixtures. Another interesting 
colloidal mixture, from the depletion point of view, is that of colloidal spheres and colloidal rods. The 
depletion potential between two spheres in the solution of rigid rods can be calculated using equation 
1.6. The rod-like depletants have many experimental advantages as depletant agents compared to 
polymer chains. First, they are more effective depletants, e.g. they cause larger depletion attraction 
used in the same mass concentration as polymers, e.g. very low concentrations of rods are predicted to 
lead to phase separation [25]. Then, there are rod-like depletants available such as fd-viruses which are 
nearly monodisperse and enable the calculation of the depletion potential using equation 1.6 without 
having account for polydispersity. 
In figure 6.2 we present the experimentally measured interaction potentials between a 2.9 μm 
diameter PS sphere and a glass wall immersed in a solution of rod-like fd-viruses. For the sake of 
clarity we subtracted the gravity part from the total potential. Therefore, the attractive right side of the 
potential curves consists only of depletion attraction if the latter is present in the system; the left side 
corresponds to the electrostatic repulsion. In the absence of fd-viruses the potential curve consists only 
of the electrostatic repulsion (black stars in figure 6.2), there is no attractive interaction present in the 
system. After adding fd-viruses the interaction potentials deviate from the profile in the absence of 
depletants. An attractive part of the potential appears which is reflected in the slope on the right side of 
a) b)
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the potential curve. The attraction becomes steeper with increasing concentration of the fd-viruses. 
Using equation 1.6 in the Derjaguin approximation we calculated depletion interaction between the 
sphere we used and the wall in the solutions with the volume fraction of fd-viruses φ = 8.8⋅10-5 and φ = 
1.8⋅10-4. The lines corresponding to these theoretical predictions are given in the plot. One can observe 
a good match of the theory to the experimental interaction potentials, particularly, concerning the fact 
that there was no adjustable parameter used to calculate the theoretical interaction potentials. 
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Figure 6.2. Interaction potential, Δφdepl+et(h), between a 2.9 μm diameter PS sphere and a glass wall 
immersed in a solution of rod-like fd-viruses in 2mM TRIS (trishydroxymethylaminomethane) buffer. 
The gravity part of the potential has been subtracted. Symbols refer to the solutions with viruses, of 
which the volume fractions are indicated in the plot. Lines are the calculations of the depletion 
potential due to the rod-like depletants according to equation 1.6 in the Derjaguin approximation. 
On the basis of these experimental interaction potentials between the sphere and the wall in solution 
of fd-viruses we would like to obtain information about the phase behaviour at the surface and 
compare it with microscopic observation. However, a quantitative microscopic theory able to predict 
the surface phase behaviour based on experimental knowledge of the colloidal interactions is still not 
available. To estimate the concentrations needed to reach the phase boundary transitions we used bulk 
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phase diagrams calculated by Gerrit Vliegenthart [25] applying an extension of the free volume 
method developed by Lekkerkerker and Stroobants [26]. Figure 6.3 presents a bulk phase diagram of 
the mixture of colloidal spheres (a = 1 μm) and hard colloidal rods (L = 880 nm) with the aspect ratio 
L/D ~ 133, where D is the diameter of the rods. For the given size ratio a/L one expect three phases to 
appear in the diagram: i) colloidal gas, ii) colloidal liquid and iii) colloidal crystals. The colloid rich 
phase, which is poor in rods, resembles a liquid (L), whereas the colloid poor phase, which is rich in 
rods, resembles a gas (G) of colloids. Colloids form crystal in a crystal phase (C). 
 
Figure 6.3. Phase diagram of the mixture of colloidal spheres (a = 1 μm) and hard colloidal rods (L = 
880 nm) with the aspect ratio L/D ~ 133. The abbreviations mean: G-C gas-crystal coexistence, G-L 
gas-liquid coexistence, L-C liquid crystal coexistence. The red vertical line determines the 
concentration range of the PS spheres which can be probed experimentally (see figure 6.4). 
Confocal microscopy places certain requirements on the applied systems. The colloids have to be 
stable in the solvent and their refractive index n has to match the refractive index of the solvent in 
order to minimize the multiple light scattering and reduce the van der Waals attraction. There are two 
systems which meet these requirements and are, therefore, commonly used for confocal microscopy: i) 
silica spheres coated with stearyl alcohol (sterically stabilized) in cyclohexane [27]; ii) poly(methyl 
φspheres 
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methacrylate) PMMA particles sterically stabilized by the graft copolymer poly(12-hydroxystearic 
acid) in decalin/ tetralin solutions [28]. However, none of these systems would enable the study of 
colloidal phase behaviour in a solution of fd-viruses since the viruses would simple denaturize in 
organic solvents. 
We started our study using aqueous suspensions of the polystyrene (PS) charge stabilized spheres 
with the radius of 1 μm. Figure 6.4 presents a series of Confocal Scanning Laser Microscopy (CSLM) 
images of a sample of 0.6%w PS spheres and 3.2%w fd-rods in a density matching mixture of 2 mM 
TRIS buffer aqueous solution/ D2O (ρ = 1.05 g/l). The effect of sedimentation is reduced due to the 
reduced density difference between particles and solvent. The series is a scan of distances from the 
glass surface to 22.5 μm deep in the bulk. One can notice a big decrease in the image quality going 
further from the glass into the solution. This happens due to the leaking of the scattered light emitted 
from one confocal volume to the neighbouring detection pinholes. It was impossible to obtain high-
quality pictures at separation distances from the surface larger than 10 μm and, thus, make conclusions 
about crystal formations in the bulk, since the background scattering became significantly large. 
Moreover, the maximum concentration of PS spheres which we could use in experiments without 
having a large scattering already at the glass surface was only 1.5%, which corresponds to a very 
narrow region in the phase diagram (perpendicular red line in figure 6.3 marks the concentration 
region we applied). This scattering could only be avoided using colloidal spheres which are refractive 
index-matched in the aqueous solutions. Here the fluorinated fluorescent latex particles will be very 
useful and open new possibilities to study crystal formation at the surface and in bulk. 
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Figure 6.4. Series of CSLM images of a sample of 0.6%w PS spheres and 3.2%w fd-rods in a density 
matching mixture of TRIS buffer solution/ D2O: a) at the glass surface, b) 7.5 μm from the glass 
surface, c) 15 μm from the glass surface, d) 22.5 μm from the glass surface. The images were taken 50 
minutes after the preparation. 
6.3. Experimental 
6.3.A. Materials 
Monomers (methacryloylchloride (MA, Fluka) and 1H,1H-Heptafluoro-n-butyl methacrylate 
(SynQuest Labs, USA)) were obtained with a quoted purity of 97% and used after distillation under a 
nitrogen atmosphere at reduced pressure (T = 35 °C) and in order to remove unwanted stabilizing 
components. The purified monomers were stored under nitrogen at 4 °C for several hours. Initiators 
(potassium persulfate (K2S2O8, Sigma, 99.99%) and sodium bisulphite (NaHSO3, Across Organics, 
a) b)
c) d)
25 μm 
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99+%)) were used without further purification. Triethylamine (TEA, Sigma, HPLC standard), 2-
methylaminoethanol (MAE, Riedel-de-Haen, 99%), the dye 4-chloro-7-nitrobenzo-2-oxa-1,3-diazol 
(NBD-Cl, Acros Organics), the surfactant sodium dodecyl sulphate (SDS, Sigma, 99%), toluene 
(Sigma, HPLC standard) and ethanol (Sigma, dry, absolute) were used as supplied. Aqueous solutions 
of the initiator and surfactant were prepared by weight using ultrapure Milli-Q water (resistivity better 
than 18.2 MΩcm-1; Millipore GmbH, Germany). The synthesis equipment is presented in figure 6.5. 
6.3.B. Synthesis of the fluorescent monomer NBD-MAEM 
We synthesized the NBD-MAEM in two steps. First, NBD-MAE was obtained during the reaction 
of nucleophilic substitution [29] between NBD-Cl and MAE according to the scheme presented in 
figure 6.6.a). Then, we synthesized NBD-MAEM from NBD-MAE using the reaction of 
heterogeneous nucleophilic substitution [29] (see figure 6.6.b)). The synthesis of the NBD-MAEM 
was suggested by Bosma et al. [11]. However, we have modified their synthesis equipment. Thus, the 
reactions instead of proceeding in Schlenk flasks were carried out in a three-necked round-bottom 
flask (part A in figure 6.5) with a standard reflux condenser (B), a funnel with pressure-equalization 
arm (C) and a stopcock septum-inlet adapter to the vacuum pump and the nitrogen supply (D). 
In the first step NBD-MAE was obtained during the reaction between NBD-Cl and MAE according 
to the scheme presented in figure 6.6.a). Before the synthesis had been started the flask was evacuated, 
heated and brought under a nitrogen atmosphere three times to remove water and oxygen. In a glove 
box 6.32 g (84.1 mmol) MAE was dissolved in 32 mL ethanol and in another glass 2.733 g (13.7 
mmol) NBD-Cl was dissolved in 100 mL ethanol under a moderate heating giving a yellow solution. 
The solutions were added to the three-necked flask under the constant nitrogen flow. The mixture was 
stirred with a magnetic stirrer and immediately an orange deposit appeared. An additional amount of 
100 mL ethanol was added to the flask. After 30 minutes of stirring the reaction was stopped and the 
precipitate was filtered with a Büchner funnel. 
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Figure 6.5. A schematic picture of the equipment used in the synthesis of the fluorescent monomer 
NBD-MAEM and fluorescent latex particles. 
The NBD-MAE crystals were washed with a cold (-20 °C) mixture of methanol and diethyl ether 
70/30 (v/v). The cooling agent we used was the mixture of rock salt and ice 30/70 (w/w). After the 
washing step the residue was dissolved in 1 L of a warm ethanol (55 °C). The solution was cooled 
down in the fridge for 3 days. Obtained crystals were filtered with a Büchner funnel for the second 
time and washed with a cold ethanol (-20 °C). The end product was dried using the rotary evaporator 
Laborta (Carl Roth, Germany) under vacuum at 40 °C. The yield of the fluorescent substance NBD-
MAE was 61.1%. 
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Figure 6.6. Synthesis of NBD-MAEM in two steps using NBD-Cl as an initial reagent. 
Next we synthesized NBD-MAEM from NBD-MAE using the reaction of heterogeneous 
nucleophilic substitution [29] (see figure 6.6.b)). For this purpose, in a glove box 1.0 g (4.2 mmol) 
NBD-MAE had been dispersed for 4 days in 61.3 mL toluene under stirring. Then, the dispersion was 
added to the three-necked flask-equipment (evacuated and brought under nitrogen), which was 
analogous to that in the previous synthesis step (figure 6.5). Further, 0.64 g (6.3 mmol) TEA and 0.59 
g (5.6 mmol) MA were added to the solution. The mixture was stirred under nitrogen atmosphere for 5 
days. The reaction was heterogeneous: an ammonium salt (Et3NH4+Cl-) precipitated during the course 
of the reaction and the formed NBD-MAEM dissolved in toluene. The mixture was filtered to remove 
the insoluble salt and the product was extracted from the filtrate using the rotary evaporator under 
reduced pressure. The resulting product had been characterized by electrospray ionization mass 
spectrometry (ESI-MS, Q Trap 4000 from ABI). In the spectrum the following fragments occurred: i) 
[NBD-MAEM+H]+, ii) [NBD-MAEM+Na]+ demonstrating that the synthesis of the fluorescent 
monomer NBD-MAEM was successful. The resulting NBD-MAEM was a dark red, very viscous 
liquid, which we store in acetone in the fridge to avoid possible self polymerization. 
6.3.C. Synthesis of the fluorescent latex 
Seeds. In classical emulsion polymerization, the monomer is insoluble in the polymerization 
medium, but is emulsified with the addition of a surfactant. On the other hand, the initiator has to be 
b) 
a) 
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soluble in the medium but not in the monomer. Under these conditions the monomer is present in the 
mixture, partly in the form of droplets (ca. 1–10 μm), partly “dissolved” in the surfactant’s micelles, 
while a small portion is molecularly dissolved in the medium. The initiation of the polymerization 
process takes place in the medium, where the initiator is present. The oligo-radicals formed in the 
medium can be absorbed by the monomer-containing micelles and, subsequently, by absorbing more 
oligo-radicals and monomer molecules from the medium, shifting the main location of polymerization 
to the micelles’ interior. In this way, the primary particles grow gradually until the monomer is 
consumed or the radicals disappear. The size of the latex particles thereby produced is usually in the 
range of 50–300 nm. The preparation of fluorescent fluorinated latex particles was done similar to the 
method of Koenderink et al. [19], which is an emulsion polymerisation in water. However, we used 
two different monomers in this reaction, e.g. NBD-MAEM and 1H,1H-Heptafluoro-n-butyl 
methacrylate as comonomers with the concentration ratio 1:400. This ratio was chosen to obtain an 
average dye-to-dye molecule distance [30] of 5 nm assuming that all dyed monomers will take part in 
the reaction. As an initiator solution a mixture of 0.231 g K2S2O8 (oxidizing agent) and 0.078 g 
NaHSO3 in 100 ml of water was used. The polymerisation was performed in the presence of the 
surfactant SDS. For the synthesis the setup shown in figure 6.5 was built which was the same as used 
to obtain NBD-MAEM (see section 6.3.B. Synthesis of the fluorescent monomer NBD-MAEM). 
Before the synthesis had been started the flask was evacuated and brought under a nitrogen atmosphere 
three times to remove oxygen. Further, 100 mL of water and 0.0231 g of SDS were added to the flask 
which, afterwards, was heated to 70 °C by immersion in a thermostated silicon oil bath. Then, 10 mL 
of 1H,1H-Heptafluoro-n-butyl methacrylate and 43 mg NBD-MAEM (dissolved in a small amount of 
acetone) were introduced and emulsified for 1 hour at approximately 1200 rpm, using a glass-coated 
magnetic stirrer. After the emulsification the stirring speed was decreased to 300 rpm and 5 mL of the 
initiator solution was added to the mixture. Polymerization was allowed to proceed for approximately 
14 hours. During the reaction time some coagulum was formed, which tended to adsorb onto a teflon-
coated magnetic stirrers and the amount of which could be reduced by using glass-coated stirrers. 
Before being used for the subsequent seeded growth the latex suspension was filtered using paper 
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filters to remove coagulum and purified by dialysis against water for 3 weeks to remove free 
monomer, surfactant and the rests of electrolyte (SO42-). 
Seeded growth. Seeds was performed using the same emulsion polymerization technique as 
described in the section above. However, the growth was preceded without the dye-comonomer NBD-
MAEM, though, the latex-seeds were covered with shells which were non-fluorescent. The initiator 
concentration was identical to the concentration used to synthesize the seeds and no surfactant was 
added to the solution at these stages. The seed concentration was kept at 0.8% and the monomer 
concentration was 0.1 M. Before the synthesis had been started the three-necked flask shown in figure 
6.5 was evacuated and brought under a nitrogen atmosphere three times to remove oxygen. Further, 
the latex-seed solution was added to the flask, which, afterwards, was heated to 75 °C by immersion in 
a thermostated silicon oil bath. Afterwards the initiator solution was added. The monomer 1H,1H-
Heptafluoro-n-butyl methacrylate was added to the flask dropwise with a speed of ~ 1 drop/min. 
Polymerisation was allowed to proceed for at least 14 hours. Seeded growth could be repeated several 
times to obtain the desired particle size. With the seeded growth procedure we obtained the following 
kinds of colloids: i) from the first step: the Fluorinated Fluorescent Latex with a fluorescent Core and 
non-fluorescent Shell (FFL CoreShell) and the FFL Core2 which were completely fluorescent; ii) from 
the second step: the FFL CoreShell2; iii) from the third step: the FFL CoreShell3. The last two kinds 
consisted of fluorescent cores and non-fluorescent shells. We give a detailed characterization of 
synthesized latexes in section 6.4. 
6.3.D. Analytical methods 
Dynamic light scattering (DLS). The hydrodynamic radius of the colloids was measured on dilute 
dispersion of latex particles in water. Measurements were performed with commercial equipment for 
simultaneous static and dynamic experiments by ALV-Laservertriebsgeselschaft (Langen, Germany). 
The light source used was a He-Ne laser λ = 633 nm (Coherent Deutschland GmbH) to avoid 
fluorescence from the particles. An avalanche diode in the single-photon-counting mode attached to an 
ALV5000 correlator board with 256 multiple-τ channels and an initial lack time of 200 ns was used. 
The measurements were carried out in an angular range of 30 < q < 120 with a resolution of 30°, 
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resulting in scattering vectors, (4 / )sin( / 2)q nπ λ θ=  (where n is the solvent refractive index and θ 
is the scattering angle in solution), ranging from 6.83·104 to 2.28·105 cm-1. All measurements were 
carried out at 20 °C. Time autocorrelation functions, g2(t), were analyzed by fitting with stretched 
exponentials [31], to obtain mean relaxation times, we also performed inverse Laplace transformations 
(ILT) [32, 33]. 
Zeta potential measurements. The zeta (ζ) potential is the potential measured in the electrical double 
layer near the charged surface and allows estimation of the colloidal stability [34]. To obtain the ζ-
potential we measured the electrophoretic mobility, u, of the colloidal particles in a 1.2 mM NaOH 
solution with the Zetasizer 2000 (Malvern Instruments, England). The Helmholz-Smoluchowski 
equation [34], ζ /u ε η=  (where η is the bulk viscosity and ε is the bulk permittivity of solvent), was 
applied to calculate the ζ-potential. 
Photon excitation spectra were recorded on a Varian Cary 50 BIO spectrometer (Varian GmbH, 
Germany). The spectra enable the determination of the excitation peak of the fluorescent particles. 
Transmission electron microscopy (TEM). TEM pictures were obtained with a Philips CM200 
Transmission Electron Microscope which can be operated at up to 200 KeV. The instrument is 
equipped with a side mounted 11 Mega Pixel TEM CCD camera (Morada, SIS/Olympus, Münster). 
Samples for TEM were prepared by placing a drop of the diluted sample on a 400 mesh carbon-coated 
copper grid. 
Confocal scanning light microscopy (CSLM). CSLM observations were carried out on a Zeiss 
Axioplan 2 with 40× and 63× oil immersion objective lenses. The scanning head was a multi-point 
confocal scanner VT infinity from VisiTech. The excitation length for NBD was 488 nm and the 
emission maximum was detected at wavelength 518 nm. 
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6.4. Results and discussion 
6.4.A. Particle characterization 
Particle size and polydispersity. The size of the particles and their polydispersity can be extracted 
from dynamic light scattering measurements. The autocorrelation function of the scattered intensity 
2 ( ) ( , ) ( , 0)g t I q t I q t=< = >         (6.1) 
measured in dynamic light scattering may, in many cases, be described by a decaying exponential or 
the so-called stretched exponential [31] 
{ }2 ( ) exp ( / ) .g t A t B BLβ= − +         (6.2) 
The amplitude A is mainly determined by the experimental setup, and BL is the baseline, which should 
be unity if the time autocorrelation function, g2(t), decays completely. From the decay constant Β in 
equation 6.2, the mean relaxation time of the time autocorrelation function, 〈τ2〉, may be calculated by 
[35] 
2
1Bτ β β
⎛ ⎞< >= Γ⎜ ⎟⎝ ⎠           (6.3) 
where Γ denotes the gamma-function. The parameter β is mainly determined by the polydispersity of 
the particles and is always smaller than or equal to unity. If β approaches unity, equation 6.2 turns into 
a single exponential with B = τ2. In the present case, values for β were always β ≥ 0.99. From this 
value we can estimate the polydispersity of the fluorinated latexes according to the procedure of 
Marczuk et al. [35], where the authors compared the magnitude of β with data obtained from 
measurements of a commercial polystyrene standard sample in toluene. According to Marczuk et al. 
the sample with a standard deviation of σ = 0.14 yielded β values of β ≥ 0.97. Thus, we can conclude 
that our synthesized fluorinated latex particles have a standard deviation of σ < 0.14. 
In figure 6.7 we have plotted both g2(t) and the resulting distributions of inverse relaxation times 
calculated by inverse Laplace transformation using CONTIN2DP [36], which is implemented in the 
ALV software. The curves presented here were measured at a scattering angle of θ = 90°. It is clearly 
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seen from the g2(t) and the distribution function that there is only one relaxation mode present. The 
absolute values of the mean relaxation times obtained by the stretched exponential approach matched 
very well with the mean relaxation times obtained from the inverse Laplace transformations. 
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Figure 6.7. Time autocorrelation functions from measurements at θ = 90° on solution with particles 
from different growth steps which are indicated in the legend. Symbols are experimental data; the solid 
lines are stretched exponential fits to the time autocorrelation function. Inset: Distribution of the 
relaxation times calculated by CONTIN2DP from a measurement performed on the solution with FFL 
Core particles at θ = 90°. 
The dependence of the mean relaxation time of the g2(t) on the scattering vector contains 
information about the apparent translational diffusion coefficient D according to 
2
2
1 2 .Dqτ =< >           (6.4) 
Furthermore, the translational diffusion coefficient D can be translated into the hydrodynamic radius 
RH by the Stokes-Einstein equation: 
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The hydrodynamic radii of the fluorinated fluorescent particles are given in table 6.1. The 
magnitudes lie within the values range obtained in the systematic studies on the synthesis of 
fluorinated colloids by Koenderink et al. [19]. One can see from table 6.1 that the hydrodynamic radii 
constantly increases with every additional step in the seeded-growth polymerization. 
Table 6.1. Particle radius RH and zeta potential ζ of the fluorinated fluorescent latex (FFL) spheres 
synthesized as described in section 6.3.Experimental. 
Sample name Radius, nm Zeta potential, mV 
FFL Core 188.6±0.1 -65.4±0.6 
FFL Core2 227.0±1.2 -58.1±1.6 
FFL CoreShell 276.0±3.0 -66.1±0.9 
FFL CoreShell2 334.0±14.1 -72.0±2.0 
FFL CoreShell3 505.3±10.0 -64.5±2.8 
The small size polydispersity of the fluorinated fluorescent colloids is also confirmed by 
transmission electron microscopy (TEM). Figure 6.8 shows a TEM picture of latex particles FFL 
CoreShell2 with an RH of 304 nm (6.8.a)) and FFL CoreShell3 (6.8.b)) with an RH of 505 nm. The 
particles are spherical and their size polydispersity is quite small. A quantitative determination of the 
particle size and the size distribution was impossible due to the particle deformation induced by the 
electron beam. The particles flatten significantly during the drying process. Thus, TEM gives a mean 
radius of the particles shown in figure 6.8 of aFFL CoreShell2 = 800 nm and aFFL CoreShell2 = 1400 nm which 
is approximately three times higher than the values obtained from dynamic light scattering. 
 141
 
Figure 6.8. TEM images of fluorinated fluorescent latex spheres: a) FFL CoreShell2 with an RH = 
304 nm; b) FFL CoreShell3 with an RH = 505 nm. TEM provides the mean radii of the particles aFFL 
CoreShell2 = 800 nm and aFFL CoreShell2 = 1400 nm which are significantly higher than the values obtained 
from dynamic light scattering. 
Zeta potential. To learn about the stability of the fluorinated fluorescent particles in aqueous 
medium, ζ-potential measurements were performed as an indirect indicator of particle’s surface charge 
[34]. These measurements were done in solutions of 1.2 mM NaOH at pH 11. As shown in table 6.1 a 
negative ζ-potential, e.g. a negative surface charge of the particles was found over the entire size range 
(due to the strongly acidic sulfate and sulfonate end-groups at the particles surface), thus indicating a 
good electrostatic stability of the colloids. 
Photobleaching. The tendency for fluorescent dyes to photobleach after prolonged light excitation 
can be a serious problem in confocal microscopy. All fluorescent dyes photobleach to some extent, 
however, the rapidity of bleaching depends sensitively on the dye’s electronic structure, its 
environment, the laser wavelength and the light intensity. The NBD-labelled colloids were shown to 
bleach in general faster then systems with other dyes (for example, 1,1’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perclorate, DiIC18 [14]). We can confirm the fact of the fast 
photobleaching of the NBD-dye by our observations. In figure 6.9 we present the fluorescence 
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excitation spectra obtained from FFL Core and FFL CoreShell particles recorded three months after 
they had been synthesized. The FFL Core spheres, which were kept in the dark during these three 
months, show a pronounced excitation peak at the wavelength of 468 nm. On the other hand, the 
excitation spectra of the FFL CoreShell spheres, which were kept under normal conditions, not 
specifically in the dark, shows the absence of the excitation peak. This is due to the photobleaching of 
the NBD-dye by the day and lamp light in the laboratory. 
 
Figure 6.9. Photon excitation spectra from FFL Core (black line) and FFL CoreShell spheres (red 
line), recorded three months after the synthesis of the particles. 
Additional factors which might have enhanced the photobleaching of the FFL particles are: 
i) aqueous environment (oxidation runs faster in water solutions than in inert organic media [37]), 
ii) the residuals from the initiator (free radicals in the solution would speed up the oxidation). 
As we see, fast photobleaching, is already a problem for the NBD-labeled fluorescent particles under 
day light conditions. To avoid or slow this down the FFL suspensions have to be properly dialyzed to 
remove of the residuals initiator and later stored in the dark. 
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Refractive index. The fluorinated fluorescent latex particles have a refractive index of n = 1.37 [19]. 
We were able to index match the particles in water solution containing: i) 25%w glycerol (n = 1.475), 
ii) 25%w DMSO (n = 1.476), iii) 4M urea (n = 1.484) [38]. 
6.4.B. Applications of the fluorinated fluorescent latexes 
We have shown earlier in the chapter that the fluorinated fluorescent latex particles are highly 
charged and stable in water. Their stability is not only due to the deep negative ζ-potential but also due 
to the weak van der Waals attraction between them. The weakening of the latter can be explain by a 
low value of the Hamaker constant (see equation 3.14), which is proportional to the refractive index 
difference Δn between the colloids and the solvent [18]. The refractive index difference between water 
and the fluorinated latex is Δn ~ 0.04, which is a very small value especially as compared to other well 
known systems, for example, Δn ~ 0.18 between water and polystyrene latex. High stability and a 
possibility to easily index match the fluorinated latex in water open very new and interesting 
opportunities for the use of these particles in colloidal science. Here we will give some examples of 
possible applications of fluorinated fluorescent particles. 
Figure 6.10.a) presents CSLM images of the FFL CoreShell3 particles (1.7 %w, a = 505 nm) in 
water solutions. The morphology of the particles consisting of the fluorescent core (a = 189 nm) and 
the non-labelled shell (thickness l = 316 nm) enables the tracking of particles coordinates with high 
accuracy, even for spheres located close to each other (look at the particles within the red circles in 
figure 6.10.a)). Figure 6.10.a) was done 15 μm from the glass surface. One can see a significant 
improvement in the picture quality compared to pictures done in aqueous solutions of PS spheres (see 
figure 6.4.c)). This occurs due to the decreased scattering from the FFL spheres. 
Furthermore, excellent stability in aqueous systems makes the fluorinated fluorescent latexes a 
promising candidate to study a variety of phenomena in biological systems. Thus, figure 6.10.b) 
presents the application of the FFL CoreShell1 latexes to the study of the arrested thermodynamic 
incompatibility in pectin caseinate mixtures [39, 40]. It is planned to use these particles to study the 
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colloidal phase behaviour at the solid surface in solutions of biological depletants such as fd-viruses, 
which will be compared to theoretical predictions and/or computer simulations. 
 
 
 
 
 
 
 
Figure 6.10. Confocal scanning laser microscopic CSLM images: of a) the FFL CoreShell3 particles 
(1.7 %w) in water solution, b) pectin caseinate mixtures (30/30 g/L) with addition of fluorinated 
fluorescent spheres (bright spots) which were able to stabilize droplets of pectin-rich phase in the 
caseinate-rich phase [39]. Areas which are lighter correspond to pectin-rich phase. 
Conclusions 
Here we described the synthesis of the fluorinated core-shell particles with a fluorescently labelled 
core and a non-labelled shell. The cores were prepared by emulsion copolymerization of fluorinated 
butyl methacrylate with the NBD-labelled methacrylate and, further, were used as seeds in seeded 
growth polymerization of fluorinated butyl methacrylate, which formed the non-labelled shell. The 
particles were found to have low polydispersity. Diameters up to 1μm could be obtained by repeated 
seeded growth procedure. A low refractive index and excellent stability in water make these particles a 
very promising model to study fundamental problems in colloidal science using confocal scanning 
microscopy and very attractive for studies performed in biological systems. 
 
 
a) b)
3 μm 6 μm 
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Summary 
This thesis reports on interaction potentials in colloid-polymer mixtures measured using a direct 
technique, such as Total Internal Reflection Microscopy (TIRM), and an indirect method, i.e. Static 
Light Scattering (SLS). Colloid-polymer mixtures are found in dispersions that are an important part 
of peoples’ everyday lives. They are, for instance, ubiquitous in paints, food products, cosmetics, 
medicines, and biological systems (red blood cells, living cells, proteins, etc.). The dynamics and 
phase stability of colloid-polymer mixtures depends on the interactions that are present in these 
systems. Therefore, knowledge of interactions is of basic interest. It is known that the presence of a 
macroscopic surface changes the physical properties of colloidal suspensions, e.g. solution structure 
and phase behaviour near the interface. The structural properties of bulk suspensions can often be 
quantitatively described, knowing the pair interaction potential between the colloids. It is reasonable to 
suppose that the interaction of the colloidal particles with an interface is one of the reasons for the 
deviating behaviour of suspension as compared to the bulk. Therefore, it was the task of this work to 
study this type of interaction potential experimentally, with the long time goal to provide input 
information for the treatment of near wall properties with theoretical techniques and/or computer 
simulation. For this purpose we modified a TIRM–setup which enables to measure interactions 
between a single colloidal particle and a solid wall. We significantly improved the signal/noise ratio of 
this setup and show that it now provides reliable measurements of the interaction potentials. Two 
different aqueous colloid-polymer mixtures were studied systematically using TIRM and we show that 
the obtained interaction potentials can be well described with available theoretical models. On the 
basis of the experimental interaction potentials we would like to obtain information about the phase 
behaviour at the surface and compare it with microscopic observations. We started these observations 
with Confocal Laser Scanning Microscopy (CLSM) using polystyrene colloids in solution of 
biological material such as fd-viruses. However, the investigations in the broad range of colloidal 
concentrations were not possible due to the big difference in the refractive indexes of polystyrene and 
water and the consequential multiple scattering. Therefore, we introduced a new type of colloidal 
model well suitable for the measurements in aqueous solutions: fluorinated fluorescent latex with core-
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shell morphology which has a refractive index close to that of water. These particles enable a precise 
image analysis due to their core-shell morphology with a fluorescent core and a non-fluorescent shell. 
In the future these particles will be used to study the colloidal phase behaviour at the surface in 
solutions of biological depletants such as fd-viruses, which will be compared to theoretical predictions 
and/or computer simulations. 
The results of our work will be summarized here shortly as follows. The focus of this work is on 
polymer-induced interactions in colloidal systems. Depending on their adsorption affinity polymers 
added to the colloidal suspension can cause steric stabilization or flocculation due to depletion or 
adsorption (bridging). In the first chapter we describe these situations in detail and give a brief 
introduction to theories on polymer-induced interaction. Furthermore, we list the most common 
experimental techniques which enable the direct measurement of colloidal interactions and we give a 
detailed overview of experimental findings that have been obtained with these techniques. 
In chapter 2 we extensively describe our main experimental technique, Total Internal Reflection 
Microscopy (TIRM), which is a recently developed tool to directly study the interactions between a 
free Brownian colloidal particle and a flat wall. We also compare the performance of TIRM other 
techniques which enable direct measurements of colloidal interactions. 
In chapters 3 and 4 we present directly measured interaction potentials between a colloidal sphere 
and a solid wall immersed in polymer solutions. We have found two different types of interactions 
depending on the nature of the polymer. Thus, in chapter 3 we show that dextran (a natural 
polysaccharide) under certain conditions does not adsorb on the glass and particles’ surfaces and this 
leads to an attractive depletion interaction. The polymer size polydispersity is shown to significantly 
influence the depletion potential. Using the theory for the depletion interaction due to ideal 
polydisperse polymer chains we can accurately describe the experimental data with only a single 
adjustable parameter. In chapter 4, on the other hand, we present measurements of the steric repulsion 
between adsorbed polyethylene oxide layers on the surfaces of the colloidal sphere and the glass wall. 
An increase of the polymer bulk concentration is shown to strengthen the steric repulsion. At the 
highest polymer concentrations studied it is possible to accurately describe the experimental data for 
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the steric contribution to the total interaction potential with the Alexander-de Gennes model for brush 
repulsion. 
In chapter 5 we present an indirect method to study interactions in colloidal systems. Aqueous 
solutions of m-oxyethylene-n-ether (CnEm) non-ionic surfactants have been studied by static light 
scattering as a function of temperature and concentration in the isotropic phase. We propose semi-
phenomenological expressions for the pair interaction potential in aqueous CmEn-solutions, which 
enable the quantitative description of the scattering behaviour for five different surfactant systems. 
From the interaction parameters obtained by non-linear least squares fitting it is possible to calculate 
the two phase coexistence curve of the phase diagrams, which are in good agreement with literature 
phase diagrams. 
In the last chapter, chapter 6, we present a synthesis of a new colloidal model system: fluorinated 
fluorescent latex spheres with a fluorescently labelled core and a non-labelled shell. The cores were 
prepared by emulsion copolymerization of fluorinated butyl methacrylate with NBD-labelled 
methacrylate and were further used as seeds in seeded growth polymerization of fluorinated butyl 
methacrylate, which formed the non-labelled shell. We have characterized the surface and bulk 
properties of the particles using several methods such as transmission electron microscopy, dynamic 
light scattering, photospectroscopy, and zeta potential measurements. The particles have a low 
refractive index and are highly charged and are therefore, very stable in water. These properties make 
them very useful in studies with biological materials. Moreover, the morphology of these colloids, 
consisting of a fluorescent core and a non-fluorescent shell, makes them especially suited for studies 
using the confocal microscope, e.g. surface crystallization. It is planned to use these particles to study 
the colloidal phase behaviour at the solid surface in solutions of biological depletants such as fd-
viruses, which will be compared to theoretical predictions and/or computer simulations. 
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Zusammenfassung 
Diese Doktorarbeit berichtet über direkt oder indirekt gemessene Paar-Wechselwirkungen in 
Mischungen von Kolloiden und Polymeren in Lösung. Solche Mischungen haben eine große 
Bedeutung für den Alltag. Das kann man am Beispiel von Joghurt und anderen Molkereiprodukten 
sehen, die unter anderem aus Eiweißen (Biokolloiden) bestehen und zum Ausflocken 
(Phasentrennung) gebracht werden, sobald langkettige Zuckermoleküle (Polymere) in zugefügt 
werden. Das Phasenverhalten von solchen Kolloid-Polymer Mischungen wird von den 
Wechselwirkungen im System bestimmt. Deshalb ist es wichtig diese Wechselwirkungen zu 
untersuchen. Es ist außerdem bekannt, dass die physikalischen Eigenschaften von kolloidalen 
Suspensionen, wie zum Beispiel die Lösungsstruktur und das Phasenverhalten, von makroskopischen 
Oberflächen beeinflusst werden. Die Struktur einer Suspension kann oft quantitativ beschrieben 
werden, wenn das Paar-Potenzial zwischen den Kolloiden bekannt ist. Es ist daher vernünftig 
anzunehmen, dass einer der Gründe für das abweichende Verhalten von Suspensionen in der Nähe von 
Grenzflächen die Wechselwirkung der Kolloide mit dieser Fläche ist. 
Aus diesen beiden Gründen war es Aufgabe dieser Arbeit solche Wechselwirkungen experimentell 
zu untersuchen. Die erhaltenen Erkenntnisse sollen als Eingabe für die Entwicklung theoretischer 
Modelle und Simulationsalgorithmen zur Berechnung der kolloidalen Eigenschaften in der Nähe einer 
Oberfläche dienen. Für diesen Zweck haben wir eine TIRM-Apparatur modifiziert, die es uns erlaubt, 
die Wechselwirkungen zwischen einem kolloidalem Teilchen und einer Wand zu messen. Wir haben 
das Signal/Rausch-Verhältnis dieser Apparatur deutlich verbessert und zeigen, dass sie jetzt 
zuverlässige Messdaten liefert. Zwei verschiedene wässrige Mischungen von Kolloiden und 
Polymeren wurden systematisch mit TIRM untersucht und wir zeigen, dass die erhaltenen 
Wechselwirkungspotenziale gut mit vorhandenen theoretischen Modellen beschrieben werden können. 
Anhand von den experimentellen Wechselwirkungspotenzialen möchten wir Informationen über das 
Phasenverhalten von Kolloiden an der Oberfläche bekommen und sie mit mikroskopischen 
Beobachtungen vergleichen. Wir haben diese Beobachtungen mit konfokaler Mikroskopie (engl.: 
Confocal Laser Scanning Microscopy (CLSM)) an Polystyrolteilchen in Lösungen von biologischen 
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fd-Viren begonnen. Allerdings waren Untersuchungen im Bereich von hohen Kolloidkonzentrationen 
nicht möglich, weil die, wegen des großen Brechungsindexunterschieds zwischen Polystyrol und 
Wasser auftretende, Mehrfachstreuung eine zuverlässige Bildanalyse unmöglich machte. Deshalb 
synthetisierten wir ein neues kolloidales Modelsystem, nämlich Teilchen aus fluoriertem 
Butylmethacrylat mit einem fluoreszierenden Kern und einer nicht fluoreszierenden Schale. Diese 
Teilchen haben einen sehr geringen Brechungsindexunterschied zu Wasser und ermöglichen eine 
präzise Bildanalyse wegen ihrer Kern-Schale Morphologie. Sie sind deshalb für CLSM-Messungen in 
wässrigen Lösungen geeignet und können in Zukunft für die Untersuchungen ihres Phasenverhaltens 
an der Oberfläche und in Lösungen in Gegenwart von biologischen Materialien, wie zum Beispiel fd-
Viren benutzt werden. 
Der Schwerpunkt dieser Arbeit liegt auf den von Polymeren verursachten Wechselwirkungen in 
kolloidalen Systemen. In Abhängigkeit von der Adsorptionsaffinität zu den Kolloidenoberflächen 
können die Polymere verschiedene Effekte in kolloidalen Systemen hervorrufen. So können die 
Kolloide stabilisiert werden, indem die Polymere sich an den Oberflächen adsorbieren, so dass es dann 
zur sterischen Abstoßung zwischen den adsorbierten Polymerschichten kommt. Andererseits, können 
die Polymere das System dadurch destabilisieren, dass die Ketten sich gleichzeitig an mehreren 
Teilchen anknüpfen und damit ein Überbrückungseffekt verursachen. Eine andere anziehende Kraft, 
die zu einer Destabilisierung von Kolloiden führt, ist die Verarmungskraft (engl.: depletion). Im ersten 
Kapitel beschreiben wir alle diese Situationen ausführlich und geben eine kurze Einleitung in die 
Theorien über die von Polymeren verursachten Wechselwirkungen. Weiterhin listen wir die meisten 
gängigen experimentellen Techniken auf, die direkte Messungen von kolloidalen Wechselwirkungen 
ermöglichen. Außerdem, geben wir eine detaillierte Übersicht über experimentelle Befunde, die mit 
diesen Techniken erhalten worden sind. 
Im zweiten Kapitel beschreiben wir unsere Haupttechnik, Total Internal Reflection Microscopy 
(TIRM). TIRM ist eine relativ neu entwickelte Methode zur direkten Messung  der Wechselwirkungen 
zwischen einem freien Brown’schen kolloidalen Teilchen und einer Wand. Diese Technik benutzt die 
Eigenschaft einer evaneszenten (dahin schwindenden) Welle, die dann entsteht wenn ein Laserstrahl 
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an einer optischen Grenzfläche  vollständig reflektiert wird (Bild 1), um die Abstände zwischen dem 
Teilchen und der Wand zu detektieren. Trifft die evaneszente Welle auf ein ausgewähltes Teilchen, 
wird sie daran gestreut. Die gestreute Strahlung wird mit einem Photomultiplier detektiert und ist 
umso schwächer, je weiter das Teilchen von der Glaswand entfernt ist. Ein Wechselwirkungspotenzial 
zwischen dem Teilchen und der Wand bekommt man mit Hilfe Boltzmann’schen Gesetzes, das das 
Potenzialprofil mit der Verteilung von Abständen verknüpft, die das Teilchen abtasten kann. TIRM ist 
eine sehr empfindliche Technik, sie ermöglicht Messungen von Kräften im Bereich von Femto-
Newtons (10-15 N) und ist dadurch sehr gut geeignet um schwache Verarmungskräfte zu detektieren. 
Hohe Kraftempfindlichkeit und der nicht invasive Charakter der Messung sind wesentliche Vorteile, 
die TIRM gegenüber anderen direkten Techniken zur Kraftmessung, z. B. Atomic Force Microscopy 
(AFM) oder Surface Force Apparatus (SFA), bietet. 
 
Bild 1. Kolloidales Teilchen in einem TIRM-Experiment. Je größer der Abstand h des Teilchens 
von der Glasoberfläche, desto schwächer die Streuung. 
Im dritten und vierten Kapiteln präsentieren wir mit TIRM gemessene Potenziale zwischen einer 
kolloidalen Kugel und der Wand in einer Polymerlösung. Wir finden zwei verschiedenen 
Wechselwirkungen abhängig von der Natur des Polymeren. So zeigen wir im dritten Kapitel, dass 
Dextran (ein natürliches Polysaccharid) unter bestimmten Bedingungen eine attraktive 
Verarmungskraft zwischen der Glaswand und dem Teilchen verursacht, weil es nicht auf deren 
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Oberflächen adsorbiert. Die Polydispersität der  Dextranketten beeinflusst die Reichweite und den 
Kontaktwert des Verarmungspotenzials drastisch. Wir konnten die experimentellen Potenziale 
beschreiben, indem wir die volle Molmassverteilung des verwendeten Dextrans für die Berechnung 
von theoretischen Verarmungswechselwirkungen benutzt haben. Im vierten Kapitel präsentieren wir 
Messungen von sterischer Abstoßung zwischen an den Oberflächen der Teilchen und der Glasswand 
adsorbierten Polyethylenoxidschichten. Wir zeigen, dass eine wachsende Polymerkonzentration in der 
Lösung zu einer erhöhten sterischen Abstoßung führt. Weiterhin ist es möglich, bei den höchsten 
Polymerkonzentrationen die experimentellen Potenzialdaten mit dem Alexander-de Gennes Model für 
Bürstenabstoßung zu fitten. 
Im fünften Kapitel präsentieren wir eine indirekte Untersuchung von kolloidalen 
Wechselwirkungen. Dabei untersuchen wir mit statischer Lichtstreuung wässrige Lösungen von nicht 
ionischen Tensiden der Familie der Oligo(ethylenoxid)-mono-n-alkylether (CnEm) als eine Funktion 
von Temperatur und der Tensidkonzentration in der isotropen Phase. Wir schlagen ein semi-
phänomenologisches Model für die Paar-Wechselwirkung in wässrigen CmEn-Lösungen vor, das eine 
quantitative Beschreibung vom Streuverhalten von fünf verschiedenen Tensiden ermöglicht. Mit den 
erhaltenen Wechselwirkungsparametern ist es möglich die Zwei-Phasen-Koexistenz-Kurve der 
Phasendiagrame, zu berechnen. Die Kurven sind in guter Übereinstimmung mit den Literaturdaten. 
In dem letzten, sechsten, Kapitel präsentieren wir die Synthese eines neuen kolloidalen Systems, 
nämlich, fluorierte Teilchen mit einem fluoreszierenden Kern und einer nicht fluoreszierenden Schale. 
Die Kerne wurden in einer Emulsionspolymerisation vom fluorierten Butylmethacrylat mit 
fluoreszent-markiertem Methacrylat copolymerisiert und weiter als Samen in einer ‚Seeded Growth‘ 
Polymerisation vom fluorierten Butylmethacrylat benutzt. Dabei entsteht eine nicht fluoreszierende 
Schale. Wir haben die Oberflächen- und Lösungseigenschaften von den Teilchen mit Transmission 
Elektronen Mikroskopie (TEM), dynamischer Lichtstreuung, Photometrie und 
Zetapotenzialmessungen charakterisiert. Die Teilchen haben einen niedrigen Brechungsindex und sind 
stark geladen, deshalb sind sie in Wasser sehr stabil. Außerdem, ermöglicht die Morphologie dieser 
‚Kern-Schale‘ Teilchen Untersuchungen wie Oberflächenkristallisation mit konfokaler Mikroskopie. 
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Es ist geplant, diese Teilchen in Zukunft für die Untersuchungen ihres Phasenverhaltens an der 
Oberfläche und in Lösungen in Gegenwart von biologischen Materialien, wie zum Beispiel fd-Viren 
zu benutzen. 
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